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ABSTRACT 
 
        Previous work from our group has established Ni-Co-Mg-Al-Ox catalyst to be an active and 
stable catalyst for CO2 reforming of Methane, also known as dry reforming of Methane (DRM). 
Additionally, bimetallic Ni-Co showed better performance compared to individual monometallic 
catalysts of Ni or Co. Further studies revealed that Ni and Co showed different extent and kinetics 
of reduction. The relationship between the bulk structure and reducibility of active metals (Ni and 
Co) has not yet been studied. The individual interaction of the active metals with the component 
of the support is yet to be examined. Likewise, exploration of other feed source for DRM or dry 
reforming of higher hydrocarbon on Ni-Co-Mg-Al-Ox catalyst has not been studied.    The primary 
aim of this research work is to study the effects of Mg/Al ratio (support) on the bulk structure, 
basicity, metal support interaction, metal site formation and site performance of Ni-Co-Mg-Al-Ox 
catalyst for CO2 reforming of CH4 (DRM).  
       The research plan for this project is divided into two parts. Part one focuses on understanding 
the relationship between bulk structure, site formation and catalytic performance of monometallic 
(Ni or Co) and bimetallic Ni-Co-Mg-Al-Ox for DRM, as the Mg/Al ratio in the support changes. 
The second part focuses on the exploration of DRM using simulated coal gas feed and CO2 
reforming of C2H6 (shale gas contains appreciable amount of C2H6). 
         For part one, the effects of Mg/Al ratio on the bulk structure, site formation and performance 
of Ni-Co-Mg-Al-Ox for dry reforming were studied. High Mg/Al ratio showed NiCoO2 + MgO-
solid phase + spinel structure, compared to the lower ratio that showed a complete spinel structure. 
This additional MgO phase improved the basicity and the easy of reduction of the active metals, 
leading to better activity and stability of catalyst to DRM reaction. With respect to the 
monometallic catalysts, supported Ni and Co showed similar structure, but different metal 
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reducibility and site performance for DRM. The Al-Ox supported Co catalyst showed no 
reducibility and activity, appreciable amounts of both properties was found in the corresponding 
Ni catalyst. Introduction of MgO into the support improved metal reduction and basicity of 
support, making the performance of the catalysts better. These observations were related to the 
different interaction and distribution of the metals within the support system.  
        For part two, DRM was studied using simulated coal feed gas at higher temperature (900 oC) 
using larger catalyst loading. Better activity, stability and product selectivity were observed in 
bimetallic Ni-Co with higher Mg/Al ratio compared to the lower ratio and monometallic Ni 
catalyst. Also, appreciable amount of activity was found using the coal gas feed, even though the 
amount of CO2 and CH4 were small compared to other components of the feed. The difference in 
the activity of catalysts using both feed was related to the difference in the composition of CH4 
and CO2 in both feeds. For CO2 reforming of Ethane (CRE), two main points were addressed in 
this study; C2H6 dissociation study and CO2 reforming of C2H6. Results showed that the catalyst 
support, catalyst in oxide form and reduced catalysts can activate CO2 reforming of C2H6, unlike 
DRM that needs reduced catalyst for the reaction to proceed. Additionally, higher Mg/Al ratio 
catalysts showed preference for CRE over C2H6 dissociation, while lower Mg/Al ratio catalysts 
showed preference for C2H6 dissociation over CRE. 
           In conclusion, variation of the composition of Mg/Al ratio in the support led to changes in 
the bulk structure, basicity, metal support interaction, active metal distribution, reducibility and 
performance of monometallic (Ni, Co) and bimetallic (Ni-Co) catalysts for DRM. Higher Mg/Al 
ratio improved the basicity of support leading to easy activation of CO2, which helped in the 
conversion of deposited carbon to CO. The presence of sufficient active site helped (synergistically 
with support) in the activation of the CH4, leading to better catalytic performance. 
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CHAPTER ONE 
HUMAN ACTIVITIES AND GLOBAL WARMING 
 
The relationship between human activities, greenhouse gases emission and global warming 
is explained in this chapter. Ways of mitigating and the utilization of greenhouse gases are also 
highlighted. The last part of this chapter summarizes the content and organization of the entire 
thesis. 
 
1.1 Global Warming and Greenhouse Gases. 
Global warming is the increase in the earth’s atmospheric and oceanic temperatures widely 
predicted to occur due to increase in greenhouse emission, resulting especially from pollution. The 
warming that happens when certain gases (greenhouse gases) in earth atmosphere traps heat is 
known as greenhouse effect. These gases let in infra-red light but prevent heat from escaping. 
Greenhouse gases include water vapour, CO2, CH4, N2O and fluorinated gases. Over past 
decades, global warming has been a major concern due to the various changes it has caused in 
our environment and natural resources. Melting of glaciers, rising in sea levels, dying of cloud 
forests, scrambling of wild life to keep pace, changes in weather conditions in some parts of the 
world have been credited to global warming caused by the emission of greenhouse gases 
(National geography, 1996). Naturally, greenhouse gases are present in the atmosphere to sustain 
life on earth by trapping heat from the sun and warm the earth. Without naturally occurring heat-
trapping gases (water vapour, carbon dioxide and methane), the earth would be too cold to sustain 
life (National geography, 1996). Expeditious increase of carbon dioxide and other greenhouse 
gases in the atmosphere has intensified this natural greenhouse effect, thereby creating a major 
environmental concern.  
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Human activities in modern days such as burning fossil fuels, deforestation, intensive 
agricultural practices have added huge quantities of carbon dioxide and other greenhouse gases 
emission into the atmosphere. Modern atmosphere contains 42 % more CO2 than it did at the start 
of the industrial era. CH4 and CO2 levels have attained their highest level than they have been in 
nearly half a million years (Suzuki, 2014). The strength of the greenhouse effect and the extent of 
extra energy directed towards the earth’s surface depend on how much greenhouse gas molecules 
in the atmosphere. When greenhouse gases concentration is high, they absorb a greater percentage 
of the earth’s infrared energy emissions and more energy gets re-emitted back toward the earth’s 
surface, raising its average surface temperature (Suzuki, 2014). 
 
1.2 Emission of Greenhouse Gases 
The two major ways greenhouse gases get into the atmosphere are human activities and 
natural processes. While human activities include burning of fossil fuels, deforestation, intensive 
livestock farming, use of synthetic fertilizers and industrial processes, natural processes entail 
animal and plant respiration (US Department of Energy, 2008).  Plants and other photo-
synthesizers can only remove finite amounts of greenhouse gases like CO2 and almost all the 
photosynthetic capacity goes toward balancing out natural CO2 emission. After all the CO2 emitted 
by animal respiration and organic decomposition has been accounted for, there will be no sufficient 
photosynthetic capacity left to clear the CO2 emitted through fossil fuel combustion (US 
Department of Energy, 2008).  Considering the individual emission of the greenhouse gases, the 
use of fossil fuel is the major source of CO2 emission. Direct human activity on land use and 
forestry can also lead to CO2 emission, while its removal from the atmosphere can occur through 
reforestation, soil improvement and some other human activities.   
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The burning of biomass, energy use, waste management and agricultural activities can all 
contribute to the emission of CH4 into the atmosphere. While the use of fertilizer for agricultural 
purposes is the primary source of N2O emission, combustion of fossil fuels can also generate N2O. 
Fluorinated gases (F-gases) are majorly emitted through industrial processes, refrigeration and the 
use of consumer products such as hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and 
sulfur hexafluoride (SF6) (Environmental Protection Agency, 2014).  The pie chart in Figure 1.1 
shows the percentage of greenhouse gases emitted into the atmosphere via human activities. CO2 
and CH4 are the major component of the emitted gases, with 76% of the total gases allotted to CO2 
and 16% to CH4. Also, CO2, CH4, N2O and the fluorinated gases are all well-mixed gases in the 
atmosphere and do not react to changes in either air pressure or temperature. Thus, they do not get 
removed easily like water that condenses to become rain or snow (Ramaswamy et al., 2001).  Their 
long atmospheric lifetimes allow them to have a lasting effect on global warming and climate 
change. Since these gases have long atmospheric life time, there is need to limit their emission or 
other means of converting them to useful products should be devised. 
 
1.3 Limiting the Emission of Greenhouse Gases 
 Upon realization that greenhouse gases are threat to our atmosphere, various researchers 
have been exploring ways or techniques of limiting the emission of these gases into the 
atmosphere. Since CO2 and CH4 are the major components of the greenhouse gases, more efforts 
have been devoted to finding ways to limit their emission or convert them to useful products.  
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Figure 1.1. Greenhouse gases emission from human activities. (Intergovernmental panel on 
climate change (IPCC) report, 2014).  
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As per Choi and Cho, 2008; in most parts of the world, three kinds of mitigation process are in use 
or under consideration. They include:  
1) Reduction of fossil energy consumption from industries; 
2) Replacement of fossil energy by renewable energy sources and; 
3) Effective utilization of CO2 as a clean carbon raw material for carbon market products. 
With proper agent, CO2 can be converted to many useful hydrocarbon products as seen in Figure 
1.2. All these products are useful for daily human needs, as well as having a good market value. 
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Figure 1.2. Chemicals that can be obtained from CO2 (Choi and Cho, 2008). 
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1.4 Utilization of Greenhouse Gases 
 Utilization of greenhouse gases is one of the highlighted ways of mitigating the emission 
of greenhouse gases into the atmosphere. To achieve this goal, several methods have been 
investigated through biological and chemical means. Biological method involves the use of 
microbes in converting these gases (most especially CO2) to useful products. Some of the 
biological methods highlighted by Choi and Cho, 2008; include but not limited to: 
• Production of high value-added products from CO2 by microalgae; 
• Transfer system of CO2 to fuel using cyanobacteria;  
• Development of a biological fixation process of CO2; 
• Removal process of CO2 and production of H2 using Anabaena variabilis; 
• Electrochemical conversion of CO2 using microbial enzymes and; 
• Fixation technology for CO2 by electrochemical reduction. 
On the other hand, the chemical method involves the conversion of these gases to useful products 
via chemical reaction. Some of the chemical methods highlighted by the same author (Choi and 
Cho, 2008) include: 
• Manufacturing processes for methanol and Dimethyl ether from CO2 using Cu/Zn/Al2O3 
based catalyst; 
• Production of dimethyl carbonate from CO2; 
• Ethylbenzene dehydrogenation using CO2 oxidation; 
• Hydrocarbon production using CO2; 
• A study for conversion of CO2 over phase-transfer catalysts;  
• Hydrogenation of CO2 using the reverse water-gas shift reaction; 
• Optimization of methanol synthesis and process development of methanol to olefin by 
catalytic hydrogenation of CO2; 
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• CO2 reforming of methane to syn-gas (CO and H2); 
• Synthesis of compounds from CO2 by homogeneous reaction; 
• Decomposition of CO2 using a thermal plasma; 
• Chemical fixation of CO2 by catalysts and;  
• Production technology of a substitute fuel by hydrogenation of CO2. 
Of all the technologies highlighted, only CO2 reforming of CH4 utilizes the two major greenhouse 
gases to give a highly useful industrial product called syngas.  The differences between this method 
and other methods of producing syngas are discussed in section 1.5. 
 
1.5 Methods of Producing Syngas 
Syngas is one of the most important industrial feedstocks to produce different chemicals 
and it is a mixture of hydrogen (H2) and carbon monoxide (CO). The downstream synthesis of 
these chemicals depends on the H2/CO ratio of the syngas, as this ratio is usually dictated by the 
H/C ratio of the primary feedstock or the reaction routes of producing the syngas (Wu et al., 2005).   
The three most commonly used methods of producing syngas are: 
• Steam reforming of CH4 
CH4   +   H2O ⇌  3H2   +   CO                                                           1.1  
• Partial oxidation of CH4 
CH4   +   0.5O2  ⇌  2H2   +   CO                                                           1.2  
• CO2 reforming of CH4 (dry reforming reaction) 
CH4   +   CO2  ⇌  2H2   +  2CO                                                           1.3  
Different combinations of these three basic reactions can be utilized for different objectives.  
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Over time, steam reforming has been the most common and widely used technology for 
syngas production as stated by Cheng and Kung, (1994); LeBlanc et al., (1994); Adris et al., 
(1996). But the inherent drawback of this process originates from the fact that the H2/CO ratio in 
the syngas is theoretically 3, which is usually too high compared to the ratio required by many 
downstream synthesis processes. Also, to avoid catalyst deactivation through carbon deposition, 
excess steam more than the stoichiometric requirement must be used (Armor, (1999); LeBlanc et 
al., (1994)), which leads to higher operational costs. Additionally, the reactor (that is of the high-
temperature tubular heat exchanger type) is often inefficient and very expensive (Wu et al., 2005).  
Partial oxidation of CH4 can theoretically yield a syngas with a H2/CO ratio of 2, which is 
suitable for many downstream synthesis processes. Non-catalytic CH4 oxidation operates under 
the conditions of 30-100 atm and 1573 K (Armor, 1999), which translates to high operation costs 
(Wu et al, 2005). On the other hand, the catalytic CH4 oxidation process can operate at relative 
lower temperatures. Although it is considered a promising technology, yet the economics of partial 
oxidation could be restricted by the cost of pure oxygen supply.  
In recent years, CO2 reforming CH4 has attracted a lot of interests due to its industrial and 
environmental benefits. From industrial point of view, this reaction can yield H2/CO ratio of 1, 
which is a desirable feedstock for Fischer-Tropsh synthesis (Gadalla and Bower, 1988) and for the 
synthesis of oxygenates (Burch and Petch, (1992); Alyea et al., (1993)). While from environmental 
point of view, this reaction offers a route for the conversion of two major greenhouse gases to 
useful product (syngas), limiting the emission of greenhouse gases that can cause global warming 
in the atmosphere.  One major setback in the realization of these potentials is getting an affordable 
and long-lasting catalyst that can withstand the reaction condition (high temperature) without easy 
deactivation (Adris et al., (1996); Armor, (1999); Qin and Lapszewicz, (1994); Richardson, 
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(1989)).  Thus, latest research efforts have been largely centered on modifying or developing 
catalysts that are active and stable for CO2 reforming of CH4 reaction.  
 
1.6 Catalyst Development for CO2 Reforming CH4 
 Since the inception of CO2 reforming of CH4 (DRM) up till recent time, catalysts 
development has been an on-going research area towards industrialization of the process. Earlier 
publications have shown that group VIII transition metals (Ni, Ru, Rh, Pd, Ir, and Pt) show activity 
towards this reaction (Ferreira-Aparicio et al., (1998); Edwards and Maitra, (1995)), while noble 
metals (ruthenium and rhodium) show superiority in terms of activity and carbon deposition 
resistant (Bradford and Vannice, 1999). However, considering their high cost and restricted 
availability, scale-up toward industrial level of noble metals is not suitable economically. 
Supported Ni catalysts have drawn remarkable attention in this area due to its high activity 
to the reaction and wide availability (Rostrup-Nielsen, 1997).  However, Ni catalysts suffer more 
severe catalyst deactivation than noble metal-based catalysts due to sintering, metal oxidation 
(Slagtern, et al, 1997), and especially severe carbon formation (Ashcroft et al., (1991), Rostrup-
Nielsen, (1997); Bradford and Vannice, (1999)) on the catalyst surface and/or on the tubes of the 
reactor, leading to deactivation of the catalyst and/or a plugging of the reactor tubes.  
Supported cobalt catalysts have also been reported to show considerable activity for DRM 
(Ruckenstein and Wang, 2000). Although the catalytic performance is neither superior to Ni nor 
to the noble metal catalysts, but it is probable that the mechanism of carbon deposition on Co metal 
is different from that on Ni (Ferreira-Aparicio et al., 1998). Recent improvements in the 
performance of catalysts (Ni and Co) for this reaction have been achieved through changing the 
nature of support, improved dispersion of active metals, particle size adjustment, trying different 
supports, using composite support, preparation method, addition of promoters, improved metal-
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metal interaction and metal support interaction (Chen et al., (2013); Garcia et al., (2010); Zhu et 
al., (2012); Ranjbar and Rezaei, (2012)).  While a detailed literature review based on dry reforming 
catalyst is presented in chapter 2, our contribution towards good catalyst development, along with 
the objective of present study are presented in section 1.7. 
 
1.7 Previous Work from this Group 
 Previous work from this group had reported that Ni-Co catalysts showed better activity and 
stability in a bimetallic catalyst system compared to Ni-Fe, Ni-Cu and Ni-Mn (Zhang et al., 2007).  
Variation of Ni/Co ratio and their composition in Ni-Co-Mg-Al-O bimetallic system resulted in 
different catalytic performance and resistance to carbon deposition (Zhang et al., 2008). Higher 
Ni-Co loading resulted in catalyst deactivation through carbon deposition (Zhang et al., 2007; 
2008). Co-precipitation method of catalyst preparation showed better catalytic performance and 
enhanced Ni-Co interaction in forms of alloy compared to impregnation method. More Ni 
reduction was observed compared to Co in all the catalysts, irrespective of the preparation methods 
(Wang et al., 2012). Different extent of metal reduction, as well as different mechanism and 
kinetics of Ni and Co reductions were observed in impregnation and co-precipitation catalysts 
(Wang et al, 2012). These differences are believed to originate from the bulk structure of the 
catalysts and the interaction of the active metals with the component of the support. While Ni is 
known to be the main active metal for this reaction in the bimetallic catalyst system, the role of Co 
remains to be clearly defined or re-defined. Also, the individual interaction of Ni and Co with the 
component(s) of the support and detailed examination of monometallic Ni and Co catalysts for 
DRM remain unexamined in our catalyst system. 
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1.8 Research Objectives and Sub-objectives  
 The major objective and sub-objectives are listed below; 
Objective:   
• Study the effects of support on the catalytic properties and performance of Ni-Co-Mg-Al-
Ox catalyst for DRM.  
 Sub-objectives  
• Study the effect of Mg/Al ratio on the bulk structure, extent of metal reduction, site 
formation and the catalytic properties of monometallic (Ni and Co) and bimetallic Ni-Co-
Mg-Al-Ox for DRM.  
•  Study the industrial application of DRM on Ni-Co-Mg-Al-Ox catalyst using coal gas feed 
as compared to pure gas feed.  
• Explore CO2 reforming of C2H6 and study the effect of support on the catalytic 
performance. 
 
1.9 Structure of Thesis 
 The entire thesis consists of eight main chapters numbered 1 to 8, in addition to the 
reference and appendix sections. Chapter 1 relates global warming effect to human activities 
in this industrialization era. Mitigation efforts are also discussed leading to dry reforming 
reaction and catalyst development. Previous work and current research objectives from our 
group are stated in this chapter. Chapter 2 presents literature review with respect to catalysts 
modification for DRM. Experimental procedure as well as catalyst characterization methods 
and procedures are highlighted in Chapter 3. Extensive catalyst characterization results are 
discussed in Chapter 4. How changes in the nature, as well as compositional changes in the 
support affect the catalytic properties and site generation are the major highlights of this 
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Chapter. Experimental results with respect to the bulk structure and site performance are 
presented in Chapter 5. Comparison of DRM using ideal feed and coal delivered feed based on 
catalysts properties and feed composition are shown in Chapter 6. Chapter 7 is devoted to the 
study of CO2 reforming of C2H6. Dissociation of C2H6 is also highlighted in this Chapter. 
Conclusions and recommendations for future work are highlighted in Chapter 8. The remaining 
part of the thesis consist of Appendices and References 
 Four publications are expected from this work. Two publications based on Chapters 3, 4 
and 5. One publication from Chapter 6 (already in press with Catalysis Today Journal) and at 
least one publication from Chapter 7. 
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CHAPTER TWO 
CATALYST DEVELOPMENT FOR DRY REFORMING REACTION 
 
A brief review on catalyst development for DRM reaction is presented in this chapter. 
Progressive development towards modification of Ni and Co catalysts for this reaction is also 
highlighted. Contributions of Dr. Wang’s group towards making stable catalysts for this reaction 
are also presented in this chapter. 
 
2.1 Catalysts Development for Dry Reforming Reaction  
Concern over global warming effect and continuous emission of greenhouse gases has led 
to extensive research over the past decades, regarding mitigation or utilization of these gases to 
useful products. Of all the methods investigated so far, chemical method using dry reforming 
reaction is one of the promising ways of utilizing these environmental unfriendly gases to get a 
useful product. Aside the fact that this reaction makes use of two major greenhouse gases (CH4 
and CO2), it also converts them to useful industrial product called syngas. Despite the 
environmental and industrial potential benefits of this process, industrial technology for this 
reaction is not fully established. This is due to the problem of catalyst deactivation, majorly from 
carbon deposition. 
Thermodynamic studies of Reitmeter et al., (1948); White et al., (1975); Gadalla and 
Bower (1998); revealed that high CO2/CH4 ratio above 1 and high temperature operation are 
required to avoid carbon deposition. But from industrial point of view, it is good to operate at 
lower temperature with CO2/CH4 feed ratio close to 1, to minimize operational cost. This can be 
achieved using catalyst that can inhibit carbon formation kinetically under conditions that favour 
carbon deposition (Hu and Ruckenstein, 2002). 
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Earlier reviewed work by Hu and Ruckenstein, 2002; had shown that Rh, Ru, Pt and Pd 
can catalyse this reaction. While non-noble supported metals such as Ni, Co and Fe had shown 
some potential to be a good catalyst for this reaction (Tokunaga and Ogasawara, 1989). Good 
activity, easy availability, as well as low cost make Ni a potential active element for the industrial 
application of this process. Thermodynamic studies indicated that Ni based catalysts are prone to 
carbon deposition (Gadalla and Bower, 1998) and carbon deposition is unavoidable under low 
CO2/CH4 ratio (Ashcroft et al., 1991). A suitable catalyst can kinetically enhance carbon free 
operation for this reaction under the high temperature reaction (Hu and Ruckenstein, 2002). A 
short review based on Ni and Co catalysts for this reaction are presented in subsequent sections. 
 
2.2 Common Catalysts Support  
 Table 2.1 shows a list of common supports used for Ni and Co catalysts for DRM from the 
literature survey. Three major oxides were used as supports in earlier catalysts namely; Al2O3, 
SiO2 and TiO2. The common properties among these oxides are high melting point and high 
specific surface area. High melting point enhances stable catalyst surface at high reaction 
temperature and prevents sintering (Zhang, 2008). Even with high melting points of these supports, 
carbon deposition could not be totally suppressed.  Ruckestein and Hu, 2000; recognized the two 
factors that contribute to carbon deposition as size of metal cluster and acidity of support. If the 
size of cluster is greater than a critical value (10 nm) and/or support is acidic, then carbon 
deposition will occur. Thus, to inhibit carbon formation, size of particle must be less than the 
critical value and support must be basic. The best way to reduce acidity of support is to introduce 
basic metal oxide into the support (Hu and Ruckestein, 2002).  
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Table 2.1. Catalyst development for dry reforming reaction 
Active metal  Support  Reference and Year 
Ni  Al2O3  Osaki et al., 1994; 1995; Takayasu, 1993; Vernon et al., 1992; 
   Swaan et al., 1994; Zhang et al., 1994; 1995; Kim et al., 1994; 
   Tang et al., 1995; Chen et al., 1994; Bhattacharyya et al., 1994; 
   Ruckenstein et al., 1995; 1996; Hu et al., 1996; 1997; 
   Ashcroft et al., 1991; Blom et al., 1994; Seshan et al.,1994; 
   Takano et al., 1994; Chang et al., 1996; Horiuchi et al., 1996 
   Tang et al., 2000; Osaki et al., 2001; Seok et al., 2002; 
   Tomishige et al., 2002; Hou et al., 2003; Huang et al., 2005 
   
 SiO2 Osaki et al., 1994; Takayasu, 1993; Bradford et al.,1996; 1997 
   1998; Kim et al., 1994; Tang et al., 1995; Ruckenstein et al., 
    1996; 1997; Hu et al., 1996; 1997; Takano et al., 1996; 
   Gronchi et al., 1996; Fei et al., 2004 
   
 TiO2 Osaki et al., 1994; 1996; 1997; Bradford and Vannice, 1996; 
   Takanabe et al., 2005 
   
Co 
 
Al2O3 
 
   
Ruckenstein and Wang, 2002; Ji et al., 2001; Cho et al., 2012 
Wang and Ruckestein , 2001; 
   
   
 SiO2 Takanabe et al., 2005; Nagaoka et al., 2003 
   
 TiO2 Wang et al., 1996; Ferreira-Aparicio et al., 1998; Song et al., 2008 
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Alkaline earth metals (MgO, CaO, SrO or BaO) are good oxides that can be used to increase 
basicity of support, and the size of oxide crystal can help reduce the metal particle size (Hu and 
Ruckenstein, 2002). Thus, catalyst improvement has been achieved majorly through support 
modification, addition of promoter or both. Other factors such as preparation method, catalyst pre-
treatment and metal loading can affect catalyst performance and extent of carbon deposition on 
the catalyst. 
 
2.3 Modification of Conventional Catalysts Support 
 Introduction of modifiers into the conventional catalyst supports can mitigate carbon 
deposition for dry reforming of methane. Table 2.2 shows a list of reported metal oxide modifiers 
for conventional supports in literature. All the authors reported that the introduction of the 
corresponding modifiers mitigated carbon deposition to some extent in both supported Ni and Co 
catalyst systems. 
 
2.4 Modification of Active Metal using Promoter 
 Promoters can concurrently improve the performance of both active metal sites and 
support. Introduction of second metal as a promoter is believed not to only facilitate better catalytic 
properties, but also to mitigate carbon deposition.  A list of publications that reported better 
catalytic performance with the introduction of second metal (promoter) are presented in Table 2.3. 
The high possibility of alloy formation between the active metal and the promoter is believed to 
facilitate smaller metallic site and inhibit carbon deposition. 
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Table 2.2. Catalyst improvement with modifiers 
Active Metal Support Modifier References and Year 
Ni Al2O3 CaO Quincoces et al., 2001; Dias et al., 2003; 
   Lemonnidou et al., 2002; 
  K2O Juan-Juan et al., 2004; 
  MgO Guo et al., 2005; 2010; Koo et al., 2008; 
  ZrO2 Hao et al., 2004; Therdthianwong et al., 2008; 
   Souza et al.,2004; Pompeo et al.,2007; 
  K, Ca Hou et al., 2003 
  Na, Mg, Ca Wang et al., 2000 
  Ce oxides  
  Li, K, Mg, La Suzuki et al., 2001 
  oxides  
 SiO2 BaO Jing et al., 2004; 
  CaO Jing et al., 2004; 
  MgO Jing et al., 2004; 
  La2O3 Mo et al., 2005; 
  La, Mg, Co, Zn Zhu et al., 2011; 
  oxides  
     Co Al2O3 K, Sr oxides SanJose´-Alonso et al., 2011; 
 TiO2 Ru, Pt oxides  Nagaoka et al., 2004; 
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Table 2.3. Catalyst improvement using promoter 
Active metal Support Second metal Reference and Year 
Ni Al2O3 Cu Lee et al., 2004  
  Mo Quincoces et al., 2002 
  Sn Nichio et al., 2000 
 SiO2 Cu Michalkiewwicz et al., 2009 
  Ru Crisafulli et al., 2002 
  Rh Jozwiak et al., 2005 
 TiO2 Co Takanabe et al., 2005 
Co Al2O3 K, Sr  San Jose´-Alonso et al., 2011 
 TiO2 Ru, Pt  Nagaoka et al., 2004 
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2.5 Other Factors Contributing to Carbon Deposition  
 Catalyst synthesis method, pre-treatment condition and percentage loading of the active 
metal are other factors that can affect the performance and resistance to carbon deposition of 
catalyst in dry reforming reaction. Ji et al., 2001 reported a good performance and better resistance 
to coking of Co/Al2O3 catalyst prepared by sol gel method, as compared to the catalyst prepared 
using conventional impregnation method. Wang and Ruckenstein, (2001); Takanabe et al., (2005); 
reported that calcination and reduction condition affected the interaction of the active metal with 
the support. This consequently affected the activity and stability of catalyst for DRM. In addition 
to studying effect of pre-treatment condition, Cho et al., (2012), Wang and Ruckenstein, (2001; 
2002); established that higher metal loading led to the formation of bigger particles that could 
facilitate carbon deposition. 
 
2.6 Contribution of Our group to the Development of Stable Catalyst 
 After detailed literature review, Dr. Wang’s group started developing bimetallic Ni-Co-
Mg-Al-Ox for dry reforming reaction. From literature analysis, it was understood that a good and 
stable catalyst should have the following properties as proposed by Wang and Sameen, 2013: 
• Good thermal stability at high temperature; 
• Good surface area and pore structure; 
• Appreciable metal-support interaction; 
• Appreciable metal site dispersion and; 
• Smaller and stable active metal site. 
Low cost, availability of material and simple synthetic procedure were taken into consideration 
when choosing the component of catalyst, as well as the catalyst preparation method. The catalyst 
design involves the introduction of both modifier (MgO) and promoter (CoO) into the conventional 
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support and active metal (Al2O3) and (Ni) respectively. Al2O3 provides high surface area, MgO 
provides the required thermal stability and Co-precipitation method facilitates a strong metal -
support interaction needed by a good catalyst (Zhang, 2008). The choice of second metal during 
screening was based on metals close to Ni in the periodic table. A summary of results from 
previous work done by the group on catalyst development for DRM are highlighted below: 
• Mg-Al-Ox supported bimetallic Ni-Co catalyst showed better activity and resistance to 
carbon deposition compared to Ni-Cu, Ni-Fe and Ni-Mn (Zhang et al., 2007); 
• Bimetallic Ni-Co showed enhanced activity and stability compared to the individual 
monometallic Ni and Co catalysts for DRM (Zhang et al., 2007); 
• Study of the optimum Ni-Co loading and Ni/Co ratio showed that a ratio close to 1 is good 
for an active and stable Ni-Co bimetallic catalyst for DRM (Zhang et al., 2008); 
• Impregnation prepared catalysts reduced better than co-precipitation catalysts, while co-
precipitation catalysts showed better activity and stability (Wang et al., 2012); 
• Ni showed better reduction than Co, and both showed different reduction kinetics in the 
bimetallic catalyst system (Wang et al., 2012), and; 
• Kinetic modelling study using bimetallic Ni-Co catalysts for DRM (Zhang et al., 2009). 
After all these findings, the following points still require further examination:  
• Effect of support composition on the structure, metal reduction and catalytic performance 
of bimetallic Ni-Co-Mg-Al-Ox catalysts for dry reforming reaction; 
• What controls Ni and Co reduction in the catalyst structure; 
• Study of individual interaction of the active metals with the support for DRM; 
• Industrial application of dry reforming reaction on our catalyst using coal gas feed and; 
• CO2 reforming of higher hydrocarbons. 
All these led to the objective of this present study as stated in Chapter one. 
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CHAPTER THREE 
EXPERIMENTAL 
 
 The focus of this chapter is on the experimental procedures and studies carried out in this 
research work. This chapter covers the catalysts synthesis method, catalyst evaluation methods 
and the catalysts characterization techniques. 
 
3.1     Experimental Procedure 
 The procedures used for the experimental parts of this work were grouped into catalyst 
synthesis method and catalyst evaluation method for the reactions studied in this research work. 
Two groups of catalysts (monometallic and bimetallic) with different metal and support 
compositions were synthesized using co-precipitation method. The target of study is to know the 
effects of the nature and composition of support on the structure and catalytic properties of 
catalysts for DRM. Catalyst evaluation and reactions studied were conducted at two different 
research centres. The initial CO2 reforming of methane and ethane reaction studies were carried 
out at the Department of Chemical and Biological Engineering, University of Saskatchewan, 
Saskatoon, Saskatchewan, Canada. While the other part of research on dry reforming using coal 
gas feed was done at Key Laboratory of Coal Science and Technology at Taiyuan University of 
Technology, Taiyuan, Shanxi, China. 
 
3.1.1     Catalyst preparation method 
 The synthesis of catalysts was done using the co-precipitation method. For each group of 
catalysts synthesized, the intended amount of the active metals Ni and/or Co in each catalyst is 
3.26 % based on mole composition, while the balance 96.74 % is meant for Mg and/or Al. For the 
bimetallic catalysts system of Ni-Co-Mg-Al-Ox, four samples with different Mg/Al ratio were 
23 
 
prepared by co-precipitation of aqueous solutions of aluminum nitrate nanohydrate (98-102 %, 
Alfa Aesar Chemical Company, USA), magnesium nitrate hexahydrate (99+ %, Acros Organic, 
USA), nickel (II) nitrate hexahydrate (98 %, Alfa Aesar Chemical Company, USA) and cobalt (II) 
nitrate hexahydrate (98-102 %, Alfa Aesar Chemical Company, USA). Samples were prepared to 
have equal amount of Ni and Co but variable Mg/Al ratio in the Mg-Al-Ox support. Precipitation 
was conducted at room temperature and pH 8.6 which was adjusted by titrating aqueous ammonia 
solution (50 % NH4OH + 50 % H2O). To control the rate of precipitation of the metal hydroxide 
over time, the flow rate of the salts solution mixture was maintained between 15-18 ml min-1 (under 
controlled addition of the NH3 solution to maintain the pH) and the precipitate obtained was 
filtered, washed with deionized water and dried overnight in oven at 120oC. Calcination was done 
in air at 800oC for 6 hours at a ramping rate of 5oC/min in a 79400 thermolyne tube furnace and 
the solid catalyst obtained was crushed and sieved to the desire size for DRM. The monometallic 
catalysts of Ni and Co were prepared using the same procedure.  While maintaining 3.26 mole % 
for the active metal (Ni or Co), the composition of supports depends on whether it is Al-Ox or Mg-
Ox only, or both Mg-Al-Ox. Other groups of monometallic and bimetallic were synthesized using 
this same procedure and a schematic representation of the catalyst synthesis procedure is shown 
in appendix A. The catalysts naming system used is CopCat-NixCoy-Mg/Al-z., where CopCat 
represent the method of catalyst preparation (Co-precipitation catalyst), x and y are the respective 
mole % of Ni and Co in the catalysts after calcination, and z is the actual ratio of Mg/Al after 
calcination. 
 
3.1.2     Catalysts evaluation procedure  
The evaluation procedure of catalysts follows the same pattern for all the reactions studied, 
except that the experimental condition was slightly varied at times.  For the dry reforming reaction 
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using pure feed gas, evaluation of the catalyst activity and stability was carried in a fixed-bed 
quartz reactor (Autoclave Engineers) with ID 3.9 mm, OD 6.35 mm and length 30 cm. For each 
experimental run, 10 mg of catalyst (with particle size 250 microns) was mixed with 50 mg of 
silicon carbide and equimolar reactant feed composition of CH4 (99.2 %), CO2 (99.9 %) and N2 
(99.9 %) mixture was introduced into the reactor at atmospheric pressure and GHSV = 1.2 ×106 
mL g-1 h-1 (flow rate 200 ml min-1). Catalyst was activated in H2 (99.9 %) and N2 (99.9 %) mixture 
with a molar ratio of 1:4 at 800 oC for 4 h before activity test. All the gases were supplied by 
Praxair Canada Inc. Evaluation test was carried out at 755 oC with the mixture of catalyst and 
silicon carbide loaded in the middle of the reactor during evaluation test. The product gas from the 
DRM reaction was analyzed by an on-line Agilent 6890N GC equipped with TCD and a GS-
GASPRO capillary column (J&W Scientific) of 60 m in length and 0.32 mm in inner diameter 
using GC Chemstation software. Helium (Ultra high purity 5.0, PRAXAIR Canada Inc.) was used 
as the carrier gas. 
For the experiments carried out in China, evaluation of catalyst performance was done in 
a fixed–bed quartz reactor (Tianjin Tian Yi Technology Co. Ltd) with ID 8 mm, OD 12 mm and 
length 60 cm. For each experimental run, 150 mg of catalyst (with particle size 250 microns) was 
mixed with 750 mg of sand. Equimolar reactant feed composition of CH4 (99.99 %), CO2 (99.99 
%) and N2 (99.99 %) mixture was introduced into the reactor at atmospheric pressure, 900 
oC and 
a GHSV = 1.2 ×105 mL g-1 h-1. The coal gas feed composed of CH4 (6.6 %), CO2 (6.7 %), N2 (2.6 
%), CO (32.36 %), H2 (51.34 %) and O2 (0.4 %). Catalyst was activated in H2 and N2 gas mixture 
with a molar ratio of 1:4 at 900 oC for 4 h before activity test.  All gases were supplied by Jining 
Xieli Special Gas Co. Ltd. Evaluation was carried out at 900 oC with the mixture of catalyst and 
sand loaded at the middle of the reactor. The product gas from the DRM reaction (for both coal 
and pure gas) was analyzed using a gas chromatography (Haixin GC-950) on packed column 
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(TDX-01) with Ar as carrier gas, equipped with a thermal conductivity detector after passing a 
cold trap. 
The experimental procedure for CO2 reforming of C2H6 is like the dry reforming reaction 
except for some changes in the reaction conditions. For each experimental run, 40 mg of catalyst 
(with particle size of 250 microns) was mixed with approximately 200 mg of silicon carbide and 
reactant feed composition of C2H6 (99.0 %), N2 (99.9 %) and CO2 (99.9 %) mixture at molar ratio 
1:1.5:2 was introduced into the reactor at atmospheric pressure and GHSV = 6 ×105 mL g-1 h-1 
(flow rate 200 ml min-1). Catalyst was activated in H2 (99.9 %) and N2 (99.9 %) mixture with a 
molar ratio of 1:4 at 800 oC for 4 h before activity test. All the gases were supplied by Praxair 
Canada Inc. Evaluation test was carried out at 800 oC with the mixture of catalyst and silicon 
carbide loaded in the middle of the reactor during evaluation test. The product gas from the CO2 
reforming of C2H6 reaction was analyzed by an on-line Agilent 6890N GC equipped with TCD 
and a GS-GASPRO capillary column (J&W Scientific) of 60 m in length and 0.32 mm in inner 
diameter using GC Chemstation software. Helium (Ultra high purity 5.0, Praxair Canada Inc.) was 
used as the carrier gas. 
All experimental conditions were chosen such that internal and external mass transfer 
limitations had been overcome as shown in Appendix E. 
 
3.2     Catalysts Characterization Procedure 
 Different characterization techniques were used to understand some properties of the 
catalysts from after synthesis, through reduction steps and after reaction. The characterization 
techniques used are presented in subsequent sub-sections. 
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3.2.1     Inductively coupled plasma mass spectrometry (ICP-MS)   
Elemental composition of catalysts was determined using ICP-MS analysis at 
Saskatchewan Research Council, Saskatoon. For each analysis, sample was crushed and a 
subsample was split out using a sample riffler. The subsample was pulverized using a puck and 
ring grinding mill. The pulp was then transferred to a barcode labeled plastic snap top vial.  An 
aliquot of pulp was digested to dryness in a hot block digestion system using a mixture of 
concentrated HF: HNO3: HClO4. The obtained residue was subsequently dissolved in diluted 
HNO3. Analysis was carried out using PerkinElmer Optima 5300 DV/Optima 8300 DV and 
instrument was calibrated using certified commercial solution before analysis. A quality control 
sample was also prepared and analyzed with each sample. 
 
3.2.2     N2 adsorption and desorption experiment 
 Textural properties of the catalysts were determined using this method. N2 adsorption was 
carried out at temperature of -196 oC using Micrometric ASAP 2000 and approximately 175 mg 
of catalyst was used for each analysis. Before analysis, each sample was evacuated at 200 oC and 
500 µmHg (66.6 Pa) to remove any moisture or other adsorbed gases. Subsequent evacuation was 
then carried out at 20 µmHg (2.67 Pa) before N2 adsorption. BET method was used to calculate 
the surface area, while the pore size distribution was obtained from adsorption branch of the N2 
isotherm by Barret –Joyner-Halenda (BJH) method. 
 
3.2.3     X-ray powder diffraction experiment (XRD) 
  XRD was used to determine the crystallinity and bulk phase of the catalysts. The 
diffraction pattern was studied using Rigaku/Rota flex Cu rotating anode X-ray diffraction 
instrument, equipped with generation voltage of 40 kV and tube current of 40 mA. For each study, 
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catalyst was powdered and mixed with methanol to form a mud which was loaded to the coarse 
side of a glass plate and placed under ambient drying condition. The dried catalyst plate was then 
loaded in the analysis chamber. Each catalyst was scanned at a rate of 4 o min-1 with 2θ varying 
between 10 o and 90 o  
 
3.2.4     Mg and Al K-edge X-ray absorption near edge structure (XANES) 
 This characterization method was used to study the co-ordination number (CN) of Mg and 
Al in the catalysts system. The X-ray absorption spectroscopy (XAS) for Mg (1305 eV) and Al 
(1560 eV) K-edge XANES spectra were collected on the SGM beamlines at Canadian Light 
Source, Saskatoon. Measurements were made in fluorescence mode using Si drift detectors, with 
the ionization chambers optimized for the maximum current at the SGM beamline. For the XAS 
scan, 8–10 mg oxide catalysts were loaded on to a rectangular sample holder, which was later 
transferred into a holder on the beam line. All scans were acquired before catalyst reduction. 
 
3.2.5     27Al nuclear magnetic resonance spectroscopy (NMR) 
 The degree of spinel inversion in the catalysts system was measured using this 
characterization technique. 27Al Magic Angle Spinning (MAS) NMR experiment was carried out 
at the Saskatchewan Structural Sciences Centre using a Bruker AVANCE III HD spectrometer 
operating at 130.32 MHz (1H frequency at 500.13 MHz), with a 4 mm DOTY CP-MAS probe. 
The samples were spinning at a MAS rate of 13 kHz and a 90 ⁰ pulse of 1.2 µs was used for the 
27Al channel, with no 1H decoupling. For all the samples, 760 scans were accumulated, with a 
recycle delay of 1s. Chemical shifts are referenced to 1 M Al (NO3)3 aqueous solution at 0ppm. 
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3.2.6    X-ray photoelectron spectroscopy (XPS) 
 This technique was used to determine the oxidation state of the active metal ions and their 
distribution within the phases present in the catalyst systems. This characterization was done at 
Taiyuan University of Technology, China and analysis was done by X‐ray XPS, Thermo Fisher, 
using an Escalab 250 scanning microprobe instrument with Al Kα radiation (30 kV, hν  = 
1486.6eV) in steps of 0.1 eV under ultrahigh vacuum (2.0 × 10−7 Pa), calibrated internally using 
the carbon deposit C 1s (Eb = 284.6 eV). Background was subtracted using Shirley method. 
 
3.2.7    Scanning transmission electron microscopy with energy dispersive X-ray  
             (STEM-EDX) 
 STEM-EDX analysis was done at Fraunhofer Institute for Mechanics of Materials IWM, 
Germany, and this technique involves the scanning of defined area of the catalysts sample by an 
electron beam. The beam is localized on a certain point in the image and used to measure an EDX. 
Area mapping was easily done using this technique, and information regarding the 
distribution/interaction of active metals with the support was obtained.  
 
3.2.8    H2 temperature programmed reduction (TPR) 
Reduction of active metal(s) within bulk phase of the catalysts over a temperature range 
was studied by H2-TPR, using a TP‐5000 (Xianquan China) at Taiyuan University of Technology, 
China. Instrument was equipped with a thermal conductivity detector to establish the appropriate 
reduction temperature or measure the hydrogen consumption. The tests were performed using a 
quartz reactor containing the catalyst (50 mg) in 5 % H2 (balanced with N2) at 20 mL min
-1 and a 
heating rate of 10 °C min-1, from room temperature to 900 °C. 
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3.2.9     Ni and Co K-edge X-ray absorption near edge structure (XANES) 
 The extent of reduction of Ni and Co in the catalyst systems was determined using this 
technique. The X-ray absorption spectroscopy (XAS) for Ni (8333 eV) and Co (7709 eV XANES 
spectra were collected on the SXRMB beamline at Canadian Light Source, Saskatoon. 
Measurements were made in transmission mode with the ionization chambers optimized for the 
maximum current at the SXRMB beam line. For the XAS scan, in a wet lab, 8–10 mg oxide 
catalysts were loaded into a 6-hole stainless steel shooter, which was later installed in a quartz 
reactor. The catalysts were heated to 800 °C then maintained at this temperature while H2/N2 gas 
(H2 5 %, v/v) was passed through for 4 h, followed by Co and Ni K-edge scan. One scan each was 
acquired before and after reduction (scan after reduction was also done at room temperature after 
the reactor cooled down  after the reduction process). 
 
3.2.10     CO chemisorption  
Dispersion of active metals on the support was studied using this technique. CO 
chemisorption was measured using the Micromeritics ASAP-2020 instrument for the 
determination of Co and /or Ni dispersion, after samples had been reduced in hydrogen at 800 °C 
for 4 h. Prior to CO chemisorption, sample was evacuated at 110 °C for 0.5 h, followed by in-situ 
CO chemisorption. Lastly, isotherm of CO chemisorption was conducted at 35 °C. 
 
3.2.11     CO2 temperature programmed desorption (CO2-TPD) 
Basicity of catalysts was determined using CO2-TPD. The pulse chemisorption and 
temperature programmed desorption (CO2-TPD) measurements were performed in QIC‐20 
analytical instrument (HIDEN). Catalyst sample was pretreated at 280 °C for 0.5 h in a He 
atmosphere to remove physically adsorbed and/or weakly bound species, and then the CO2 
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adsorption was carried out at 50 °C to saturation. Afterwards, CO2 desorption was carried out under 
He flow and desorption signal was recorded by a QIC‐20 analytical instrument (HIDEN) with 
linear temperature increase up to 900 °C at a rate of 10 ° min-1. 
 
3.2.12     Transmission electron microscopy (TEM) 
 Transmission electron microscope (TEM) images of the reduced catalysts were 
obtained on a Hitachi HT7700 High Resolution digital TEM operated at an accelerating voltage of 
100 kV. The sample was prepared by dropping and drying the reduced catalyst which was 
dispersed in anhydrous ethanol, on a 300 mesh formvar/carbon coated copper grid. Images were 
subsequently obtained, from which particles sizes were measured. 
 
3.2.13     Temperature‐programmed oxidation‐mass spectrometry (O2‐TPO‐MS) 
 Oxidation properties of deposited carbon on the used catalysts were investigated by O2‐
TPO‐MS), using a QIC‐20 analytical instrument (HIDEN). The used catalyst was pretreated at 150 
°C for 0.5 h in a He atmosphere, cooled to 50 °C, and then the atmosphere was switched to 5 % 
O2 (Ar balance). The temperature was increased linearly to 900 °C at 10 °C min
-1. CO2 (m/z = 44) 
in the effluent was measured by a mass spectrometer (QIC‐20, HIDEN) and recorded as a function 
of temperature, which can be used to determine the type of carbon species.  
 
3.3 Data Analysis, Reactant Conversion and Product Selectivity 
The presence of inert N2 is used as an internal reference for the calculation of reactants 
conversion rate, as well as the products selectivity in our reforming reaction study. Since N2 is an 
inert gas for this reaction, the molar flow rate of N2 is the same before and after reaction,  
i.e  FN2
i =FN2
f =FN2                                                                                               3.1 
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 where F = volumetric flow rate,  i = initial and f = final 
Thus, the flow rate of every species in product stream can be calculated using equation 3.2 based 
on the results of the gas chromatography (GC) analysis. 
𝐹𝑗   = 
fj
f
fN2
f  × FN2                                                                                                  3.2 
where fj
f  is the fraction of specie j in the product obtained from the GC analysis. 
Reactant conversion (X), product selectivity (S), rate of conversion (reactant) and formation 
(product), -r, r are calculated using Equations 3.3-3.7 
Xj  = 
Fj
i−Fj
f
Fj
i  × 100                                                                                                3.3                                                                     
SH2= 
FH2
f
2× ( FCH4
i −FCH4
f
 
 
)   
 × 100                                                                              3.4     
  SCO= 
Fco
 ( FCH4
i −FCH4
f
 
 
)+ ( FCO2
i −FCO2
f
 
 
)
  
  × 100                                                         3.5 
−ri (mol g
−1s−1)=  
nj
i−nj
f
60× mcat
                                                                              3.6  
     ri (mol g
−1 s−1)=  
nj
f
60× mcat
                                                                            3.7 
                                                            
mcat   = weight of catalyst used for reaction (gram), nj
i, nj
f = initial and final molar flow rate of specie 
j respectively (mol min-1). 
MFC calibration, GC calibration data and repeatability of some data are presented in Appendices 
C, D and F respectively.  
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CHAPTER FOUR 
CATALYST CHARACTERIZATION RESULTS 
 
Majority of the catalyst characterization results are discussed in this chapter. Catalysts were 
subjected to three characterization stages namely: characterization after calcination (before 
reduction), after catalyst reduction and after reaction. The results of the first two (before and after 
reduction) are discussed in this chapter, while catalysts characterization results after reaction are 
presented in chapter 5. 
 
4.1     Catalyst Characterization Results before Reduction 
 The elemental composition of catalysts, N2 adsorption – desorption isotherm, bulk 
structure and distribution of the active metal on the support are some of the catalytic properties 
discussed in this section.  
 
4.1.1     Elemental composition of catalysts 
   The results of the elemental composition of the calcined precipitates for the monometallic 
catalysts determined by ICP-MS are presented in Table 4.1. Based on the amount of the metal 
salts, the intended ratio of the active metal (Ni and /or Co) to the total metal (active + support) on 
mole basis is 3.26 %. 
Active metal  
Total metal
∗ 100 = 3.26 %                                                                                      4.1                     
Al-Ox supported monometallic Ni and Co catalysts showed a value close to the target value as 
seen in Table 4.1. Introduction of Mg seemingly made the value far from target value and similar 
trend was also observed in the results of the bimetallic catalysts in Table 4.2. 
 
33 
 
Table 4.1. Elemental composition of monometallic catalysts 
            
Catalyst   Mole (%)   Mg/Al 
   Ni Co Mg Al   
CopCat-Ni3-Mg/Al-0.0 3.0 0.0 0.0 97.0 0.0 
CopCat-Co4-Mg/Al-0.0 0.0 3.6 0.0 96.4 0.0 
CopCat-Ni5-Mg/Al-1.60 4.8 0.0 59.0 36.2 1.6 
CopCat-Co6-Mg/Al-1.55 0.0 6.1 56.8 37.1 1.5 
CopCat-Ni84-Mg/Al-# 83.9 0.0 16.1 - - 
CopCat-Co87-Mg/Al-# - 87.1 12.9 - - 
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Table 4.2. Elemental composition of bimetallic catalysts 
            
Catalyst   Mole (%)   Mg/Al 
       Ni Co Mg Al   
CopCat-Ni2Co2-Mg/Al-0.30 1.6 1.7 21.5 75.2 0.3 
CopCat-Ni2Co2-Mg/Al-1.00 1.7 1.8 45.6 50.9 1.0 
CopCat-Ni3Co3-Mg/Al-1.75 2.6 3.2 59.9 34.3 1.8 
CopCat-Ni4Co5-Mg/Al-2.00 3.9 4.9 60.8 30.4 2.0 
CopCat-Ni2Co2-Mg/Al-0.00 1.5 1.9 - 96.6 0.0 
CopCat-Ni39Co53-Mg/Al-# 39.5 53.0 8.50 - - 
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 Increasing the ratio of Mg/Al resulted in having more active metal(s) than the intended amount in 
the precipitated solid after calcination. This observation could be related to either more 
precipitation of the active metals or insufficient precipitation of the support metal (Mg or Al). With 
respect to the values of the solubility product (Ksp), Al (OH)3 has the lowest value compared to 
the other metal hydroxides (employed in this study), and 100% precipitation was expected based 
on equilibrium calculation. The Ksp values of the metal hydroxides are Al (1.3 × 10-33), Co (1.65 × 
10-15), Ni (2.0 × 10-15) and Mg (1.8 × 10-11) as reported by Euler, 2006. Comparison between the 
target and actual ratio of Ni/Al and Co/Al (Tables 4.3 and 4.4) showed that almost all Ni and Co 
were precipitated from the salt solutions. Thus, the difference in the composition of the active 
metal(s) in the catalysts system could only be due to the difficulty of Mg(OH)2 precipitation as 
revealed by the difference between the target and actual values of Mg/Al ratio in all the catalysts. 
Mg(OH)2 has the highest Ksp, and equilibrium calculations showed that higher pH would be 
required to precipitate appreciable amount of Mg(OH)2 compared to the target. This is also 
substantiated by the difference between the target and the actual values of the active metals in the 
MgO only supported catalysts (Table 4.2). Since less Mg(OH)2 was precipitated compared to 
Co(OH)2 and Ni(OH)2 in these catalysts (MgO supported catalysts), no further consideration was 
given to these catalysts in this study. Additionally, more Co precipitation was observed compared 
to Ni in all the catalysts system. The salt solution of Co has higher initial pH value compared to 
the corresponding salt of Ni and the trend observed was that the closer the initial salt pH to the 
precipitating pH, the easier it was to precipitate the active metals, and more difficult it was to 
precipitate Mg(OH)2. Even though the order and extent of metal precipitation depend on the Ksp 
value of the metal hydroxide, the initial pH of the salt solution, pH of the co-precipitation process 
and the concentration of the metal ions in the precipitating solution seem to have influence on the 
metal hydroxide precipitation as shown in Appendix E.  
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Table 4.3. Mole ratio comparison for monometallic catalysts 
             
Catalyst Target mole ratio  Actual mole ratio 
  Ni/Al 
(10-1) 
Co/Al 
(10-1) 
Mg/Al 
(100) 
Ni/Al 
(10-2) 
Co/Al 
(10-2) 
Mg/Al 
(100) 
CopCat-Ni3-Mg/Al-0.00 0.3 0.0 0.0 0.3 0.00 0.0 
CopCat-Co4-Mg/Al-0.00 0.0 0.3 0.0 0.00 0.4 0.0 
CopCat-Ni5-Mg/Al-1.60 1.5 - 3.6 1.4 - 1.6 
CopCat-Co6-Mg/Al-1.55 - 1.5 3.6 - 1.5 1.5 
CopCat-Ni84-Mg/Al-# - - - - - - 
CopCat-Co87-Mg/Al-# - - - - - - 
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Table 4.4. Mole ratio comparison for bimetallic catalysts 
Catalyst Target mole ratio  Actual mole ratio 
  Ni/Al 
(10-1) 
Co/Al 
(10-1) 
Mg/Al 
(100) 
Ni/Al 
(10-1) 
Co/Al 
(10-1) 
Mg/Al 
(100) 
CopCat-Ni2Co2-Mg/Al-0.30 0.2 0.2 0.3 0.2 0.2 0.3 
CopCat-Ni2Co2-Mg/Al-1.00 0.3 0.3 1.0 0.3 0.4 0.9 
CopCat-Ni3Co3-Mg/Al-1.75 0.9 0.9 4.0 0.8 0.9 1.7 
CopCat-Ni4Co5-Mg/Al-2.00 1.5 1.5 8.0 1.8 1.6 2.0 
CopCat-Ni2Co2-Mg/Al-0.00 0.2 0.2 - 0.2 0.2 0.0 
CopCat-Ni39Co53-Mg/Al-#            - - - - - - 
 
 
 
 
 
 
 
 
 
 
 
 
 
38 
 
In summary, the difference in the composition of the active metal in the catalyst system as 
Mg/Al ratio increased, was related to the difficulty of precipitating Mg (OH)2 at the pH of the co-
precipitation process. 
 
4.1.2     Textural properties of catalysts 
 The results of the isotherms from N2 adsorption-desorption experiments for both 
monometallic and bimetallic catalysts are shown in Figures 4.1 and 4.2, while the textual properties 
are summarized in Tables 4.5 and 4.6 respectively. In line with IUPAC classification of Sing et 
al., 1985; all the catalysts exhibit type-IV isotherm which is typical of mesoporous material, but 
different types of hysteresis loop.  Al-Ox supported monometallic Ni and Co catalysts displayed 
H1 type hysteresis loop, which is related to solid material with narrow pore size distribution.  
Introduction of MgO changed the hysteresis loop to H4-type, which is associated with pores in 
form of slits with uniform pore size in the Mg-Al-Ox supported monometallic catalysts. Similar 
trend was observed in the isotherms of the bimetallic catalysts. As the Mg/Al ratio increases, a 
change from type H1 to type H4 was observed in the hysteresis loop. The presence of significant 
amount of MgO seems to enhance the uniformity of the pores based on the hysteresis loops.   
Notable difference was also observed in the textural properties as the nature and 
composition of support changes in catalysts system (Tables 4.5 and 4.6). A decrease in BET 
surface area was observed with the introduction of MgO into the monometallic catalysts. There 
was also a trend in the reduction of the BET surface area as the Mg/Al ratio changed from 0.3 to 
2 in the bimetallic catalysts. Obviously, the presence of MgO reduced the BET surface area of the 
catalysts system. 
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Figure 4.1. N2 adsorption-desorption isotherms of monometallic catalysts 
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Figure 4.2. N2 adsorption-desorption isotherms of bimetallic catalysts 
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While there was increase in pore size, a decrease in pore volume was observed with 
increase in MgO loading in the catalysts. Comparison between monometallic CopCat-Ni5-Mg/Al-
1.6 and bimetallic CopCat-Ni3Co3-Mg/Al-1.75 catalysts showed that incorporation of Co into the 
bimetallic catalyst system in a MgO rich catalyst system caused a slight decrease in BET surface 
area, while both pore size and pore volume increased. Sufficiently uniform mesoporous property   
is necessary for the stability of catalyst in a high temperature reaction like dry reforming reaction 
(Hu et al., 2007). 
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Table 4.5. Textural properties of monometallic catalysts 
       
Catalyst    BET surface     Pore Volume     Pore size 
       Area (m2/g)       (cm3/g)   (Å) 
CopCat-Ni3-Mg/Al-0.00 
182 0.34 75.8 
CopCat-Co4-Mg/Al-0.00 
142 0.29 80.6 
CopCat-Ni5-Mg/Al-1.60 
91 0.19 84.0 
CopCat-Co6-Mg/Al-1.55 
84 0.18 88.0 
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Table 4.6. Textural properties of bimetallic catalysts 
        
Catalyst     BET surface     Pore Volume     Pore size 
     Area (m2/g)         (cm3/g)    (Å) 
CopCat-Ni2Co2-Mg/Al-0.30 
95 0.32 116.3 
CopCat-Ni2Co2-Mg/Al-1.00 
81 0.28 120.5 
CopCat-Ni3Co3-Mg/Al-1.75 
77 0.25 126.8 
CopCat-Ni4Co5-Mg/Al-2.00 
74 0.22 130.4 
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4.1.3     Crystallinity and bulk phase of catalysts 
The observed pattern for the XRD study of both monometallic and bimetallic catalysts are 
shown in Figures 4.3 and 4.4 respectively. Using the procedure of Foot et al., 2012, some of the 
possible processes and interactions that could occur during calcination include:  
2Al(OH)3   →  3H2O + Al2O3 (Spinel structure)                                                                          4.2 
Mg(OH)2   →  H2O + MgO                                                                                                        4.3 
Ni(OH)2  →  H2O + NiO                                                                                                            4.4 
Co(OH)2  →  H2O + CoO                                                                                                           4.5 
CoO + NiO  →  NiCoO2                                                                                                             4.6  
CoO + MgO → CoO - MgO (Solid structure)                                                                            4.7   
NiO + MgO → NiO - MgO (Solid structure)                                                                             4.8 
Al2O3 + MgO → [4](Alx,Mg1-x)[6](Al2-x,Mgx)O4     (Spinel structure)                                          4.9 
Al2O3 + NiO → [4](Alx,Ni1-x)[6](Al2-x,Nix)O4     (Spinel structure)                                               4.10 
Al2O3 + CoO → [4](Alx,Co1-x)[6](Al2-x,Cox)O4     (Spinel structure)                                             4.11 
Al2O3 + MgO + NiO → [4](Alx,(Ni, Mg)1-x) [6](Al2-x,(Ni, Mg)x)O4     (Mixed spinel structure)  4.12     
Al2O3 + MgO + CoO → [4](Alx,(Co, Mg)1-x) [6](Al2-x,(Co, Mg)x)O4   (Mixed spinel structure) 4.13    
where [4]( ) and  [6]( ) represent the tetrahedral site and octahedral sites of the spinel respectively. x 
is the degree of spinel inversion. A complete regular spinel structure is equivalent to x = 0, while 
x = 1 represents a completely inverted spinel.  
45 
 
0 10 20 30 40 50 60 70 80 90
 
In
te
n
si
ty
 (
a
.u
 )
2   ()
CopCat-Co4-Mg/Al-0
CopCat-Co6-Mg/Al-1.55
CopCat-Ni3-Mg/Al-0
CopCat-Ni5-Mg/Al-1.60

 




  
  
 






 
    
 MgO- Solid  Spinel



 
Figure 4.3. XRD plot of monometallic catalysts  
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Figure 4.4. XRD plot of bimetallic catalysts  
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For the Al-Ox supported monometallic catalysts, phase assigned to spinel structure with 
characteristic diffraction peaks 2 at 19.4 o, 32.5 o, 38.1 o, 46 o, 59.8 o and 65.6 o was observed in 
the XRD results (Figure 4.3). The associated diffraction planes relative to these angles are (111), 
(220), (311), (422), (511) and (440) respectively. The nature of the spinel could be [4](Alx,Ni1-
x)
[6](Al2-x,Nix)O4 in (CopCat-Ni3-Mg/Al-0), 
[4](Alx,Co1-x)
[6](Al2-x,Cox)O4   in (CopCat-Co4-Mg/Al-
0 ), -Al2O3 spinel or their respective composites ,which are indistinguishable in XRD due to their 
similar morphology (Tichit et al., 1997). Two phases, notably MgO-solid and spinel phases, were 
observed in the Mg-Al-Ox supported composite catalysts. The intensity of the spinel peaks 
decreased with the introduction of MgO and a shift to lower angle was observed in the spinel 
peaks. This possibly indicated that the chance of forming [4](Alx,Ni1-x)[6](Al2-x,Nix)O4, [4](Alx,Co1-
x)
[6] (Al2-x,Cox)O4 and -Al2O3 was reduced with the introduction of MgO or the type of spinel 
might be different. The formations of [4](Alx,Mg1-x)
[6](Al2-x,Mgx)O4, or mixed spinel [
[4](Alx,(Ni, 
Mg)1-x
[6](Al2-x,(Ni, Mg)xO4, 
[4](Alx,(Co, Mg)1-x
[6](Al2-x,(Co, Mg)xO4]  are also favourable in the Mg-
Al-Ox supported catalysts during calcination. This is due to the presence of MgO and the 
preparation method as previously stated by Guo et al., (2004); Son et al., (2014). The diffraction 
peaks relative to MgO-solid phase at 2 are given as 43.2o, 62.9o, 76o and 79.2o. The associated 
diffraction planes are (200), (220), (311) and (222) respectively. MgO, NiO and CoO all have fcc 
structures, with a very close lattice parameter and the combination of MgO and CoO/NiO at any 
molar ratio can form solids, which are indistinguishable in the XRD (Hu, 2009). When the Mg/Al 
ratio was less than 1 in the bimetallic catalysts, a completely spinel structure was displayed by 
CopCat-Ni2Co2-Mg/Al-0.33, and as the Mg/Al ratio increased, the spinel phases decreased, while 
MgO solid phase increased as seen in Figure 4.4.   
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Additional peaks were found in the XRD of the bimetallic catalysts with Mg/Al ratio > 1 when 
compared to their corresponding monometallic catalysts. Peaks around 36.6 o and 42 o with 
diffraction plane (111) and (200) could be ascribed to NiCoO2 (JCPDS 10-0188) in these catalysts 
system. Thus, the introduction of MgO changed the phases and bulk structure of the catalysts 
system. 
 A semi-quantitative analysis (using integration area in Origin software) was carried out to 
quantify the relative phases of MgO and spinel as the Mg/Al ratio changed from 0 to 2 in the 
catalysts system. The phase percentage was calculated using the formula: 
 
 % Spinel =  
Peak area of spinel 
Peak are of spinel+MgO
∗ 100                                                                         4.14                     
 
% MgO =  
Peak area of MgO 
Peak are of MgO+spinel
∗ 100                                                                             4.15 
The results of the analysis presented in Tables 4.7 and 4.8 for both group of catalysts showed that 
increase in Mg/Al brought about a corresponding increase in the MgO phase and a decrease in the 
spinel phase. 
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Table 4.7.  Phase quantification of the monometallic catalysts  
Catalyst MgO Phase (%) Spinel Phase (%) 
CopCat-Ni3-Mg/Al-0.00 0 100 
CopCat-Co4-Mg/Al-0.00 0 100 
CopCat-Ni5-Mg/Al-1.60 55 45 
CopCat-Co6-Mg/Al-1.55 52 48 
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Table 4.8. Phase quantification of the bimetallic catalysts  
Catalyst MgO Phase (%) Spinel Phase (%) 
CopCat-Ni2Co2-Mg/Al-0.30 0 100 
CopCat-Ni2Co2-Mg/Al-1.00 22 78 
CopCat-Ni3Co3-Mg/Al-1.75 53 47 
CopCat-Ni4Co5-Mg/Al-2.00 62 38 
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4.1.4     Mg K-edge XANES  
 The normalized results of the Mg K-edge XANES study are presented in Figures 4.5 and 
4.6 for the monometallic and bimetallic catalysts respectively. The edge region is characterized by 
three main peaks in the energy range 1305-1318 eV and a broad peak around 1325-1330 eV. The 
peaks are labeled A, B, C and D with regards to their energy positions. Only CopCat-Ni2Co2-
Mg/Al-0.30 catalyst showed an additional peak at 1321 eV, labeled D’. All catalyst samples with 
Mg/Al ratio greater than 1 showed similar spectra with respect to the features and energy positions. 
The spectrum of CopCat-Ni2Co2-Mg/Al-0.30 is characterized by a sharp peak A, whose intensity 
is almost equal to peak C, a weak feature B and D’, and a broad peak D. The two higher Mg/Al 
ratio catalysts had spectra that were characterized by sharp peaks A and C (C slightly higher than 
A), an unresolved peak B and a broad peak D. CopCat-Ni2Co2-Mg/Al-1.0 spectrum had features 
and peaks energy between CopCat-Ni2Co2-Mg/Al-0.3 and the two catalysts with Mg/Al greater 
than 1. The energy positions of peaks A and B for CopCat-Ni2Co2-Mg/Al-1.0 and CopCat-
Ni2Co2-Mg/Al-0.3 catalysts were at lower energy, while peaks C and D are at higher energy 
compared to the corresponding peaks of the other catalysts. Comparing these spectra with the work 
of Trcera et al., (2009); Yoshimura et al., (2013); CopCat-Ni2Co2-Mg/Al-0.3 has a spectrum that 
matches the CN of Mg in a normal spinel with a major value of 4. The two catalysts with Mg/Al 
ratio greater 1 have spectra that resemble a coordination environment of Mg with a major CN of 
6. While CopCat-Ni2Co2-Mg/Al-1.0 shows a spectrum in between both with an Mg CN 5 on the 
average (i.e part of the Mg in this catalyst has CN 6 and the other ones has CN 4). 
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Figure 4.5. Mg K-edge XANES of monometallic catalysts  
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Figure 4.6. Mg K-edge XANES of bimetallic catalysts  
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The position of the first peak of XANES spectra is related to both the coordination and polyhedron 
distortion change as related by Trcera et al., 2009. It can be seen from Figure 4.6 that there was a 
change in the energy position of the first XANES peak (peak A) to higher energy from CopCat-
Ni2Co2-Mg/Al-0.3, through CopCat-Ni2Co2-Mg/Al-1.0 upto CopCat-Ni4Co5-Mg/Al-2.0. Such 
changes in the energy position is attributed to increase in CN (Trcera et al., 2009). The spectra of 
the higher Mg/Al ratio catalysts compared well with the spectrum of MgO reported by Yoshimura 
et al., 2013; in terms of feature and energy position of the peaks. But unlike their spectrum, there 
are no small peaks at 1311.5 and 1322 eV in our catalysts. This difference could result from the 
interaction of Mg with other atoms such as Ni, Co and Al in the spinel phase within the structure 
of the catalysts. A CN of 4 is related to tetrahedral site occupancy in a spinel structure, while CN 
6 signifies an octahedral site occupancy. A CN 6 for Mg in the higher Mg/Al ratio catalysts could 
result from the MgO phase or octahedral site occupancy in the spinel or both. Summarily, from 
the Mg K-edge XANES results, a progressive increase in the CN was observed as the Mg/Al ratio 
increased from 0 to 2 in the catalyst systems.  
 
4.1.5     Al K-edge XANES  
The Al K-edge XANES results for the monometallic catalysts are presented in Figure 4.7, 
while the results of the bimetallic catalysts are shown in Figure 4.8. For the Al-Ox supported Ni 
and Co monometallic catalysts (CopCat-Ni3-Mg/Al-0.00 and CopCat-Co4-Mg/Al-0.00), the edge 
region can be described by four peaks in the energy range 1565-1576 eV and a broader peak around 
1588-1592 eV. The four main peaks were labelled a, b, c, d and the broader peak e with respect to 
their energy positions.  
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Figure 4.7. Al K-edge XANES of monometallic catalysts  
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Figure 4.8. Al K-edge XANES of bimetallic catalysts  
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The intensities of the first three peaks in these two catalysts increased slightly with increase in 
energy, followed by a decrease to peak d up to e. With the introduction of MgO, peaks a and d 
disappeared, while peak e became more defined. Similar trend was observed in the Al K-edge 
XANES results of the bimetallic catalysts with respects to the spectra features and peak positions. 
A progressive decrease was observed in peaks a and d, which finally disappeared as the Mg/Al 
ratio increased from 0.3 to 2 in the bimetallic catalysts. Comparing these spectra results with the 
work of Hu et al., (2008); Neuville et al., (2009); Al-Ox supported Ni and Co monometallic 
catalysts (CopCat-Ni3-Mg/Al-0.0 and CopCat-Co4-Mg/Al-0.0) had spectra which matched the 
spectrum of gamma alumina with Al having CN 4 and 6 (occupying tetrahedral and octahedral 
sites in the spinel structure). For the Mg-Al-Ox supported monometallic catalysts (CopCat-Ni5-
Mg/Al-1.60 and CopCat-Co6-Mg/Al-1.55), their spectra matched the spectrum of Al in an 
MgAl2O4 spinel with considerable degree of inversion (meaning part of Al ions take the tetrahedral 
sites rather than the octahedral site where they are supposed  to be). For the bimetallic catalysts, 
result of CopCat-Ni2Co2-Mg/Al-0.30 matched the spectrum of Al rich spinel of MgAl2O4 reported 
by Treca et al., 2009, with Al having mostly a CN of 6. The results of CopCat-Ni3Co3-Mg/Al-
1.75 and CopCat-Ni4Co5-Mg/Al-2.0 were closely related to that of Mg-Al-Ox supported Ni and 
Co monometallic catalysts in this study. These results closely matched the spectra of MgAl2O4 
spinel published by Treca et al., 2009; with appreciable degree of inversion; a situation which 
causes interchange of sites between the M2+ and M3+ metal in the spinel, thereby making some 
Al3+ to occupy the tetrahedral site. The CopCat-Ni2Co2-Mg/Al-1.0 showed a result like CopCat-
Ni2Co2-Mg/Al-0.3 catalyst.  
 A summary of the CN of Mg and Al from the K-edge XANES study of the catalysts are 
presented in Tables 4.9 and 4.10. 
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Table 4.9. Summary of CN from Mg and Al K-edge XANES for monometallic catalysts 
Catalysts CN of Mg CN of Al 
CopCat-Ni3-Mg/Al-0.00 - 4 and 6  
CopCat-Co4-Mg/Al-0.00 - 4 and 6 
CopCat-Ni5-Mg/Al-1.60 Majorly 6 4 and 6  
CopCat-Co6-Mg/Al-1.55 Majorly 6 4 and 6 
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Table 4.10. Summary of CN from Mg and Al K-edge XANES for bimetallic catalysts 
Catalysts CN of Mg CN of Al 
CopCat-Ni2Co2-Mg/Al-0.30 Majorly 4 Majorly 6 
CopCat-Ni2Co2-Mg/Al-1.00 4 and 6 Majorly 6  
CopCat-Ni3Co3-Mg/Al-1.75 Majorly 6 4 and 6  
CopCat-Ni4Co5-Mg/Al-2.00 Majorly 6 4 and 6 
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A simultaneous change was observed in the CN of both Mg and Al as the Mg/Al ratio changes in 
the catalyst systems (Tables 4.9 and 4.10). While a CN 6 for Mg could result from the MgO-phase, 
a concurrent change in CN of Mg and Al could represent a gradual inversion in the spinel phase, 
with increase in Mg/Al ratio. When the Mg/Al ratio was less than the stoichiometry value of spinel 
(0.5), the Al majorly occupied the octahedral site. But incorporation of Mg, seemingly displaced 
some Al ions into the tetrahedral site. 
 
4.1.6     27Al MAS NMR 
 This characterization technique was purposely carried out to check for spinel inversion and 
determine the extent of inversion if there is any. The results obtained from the technique are 
presented in Figures 4.9 and 4.10 for the monometallic and bimetallic catalysts respectively. All 
the spectra showed two peaks around 68 ppm and 9 ppm attributed to tetrahedral (Al4) and 
octahedral (Al6) aluminium respectively as reported by Millard et al., (1992); Louise et al., (2014). 
Area integration method was then used to determine the ratio of octahedral aluminium (Al6) to 
tetrahedral aluminium (Al4). For a spinel 
[4](A1-xBx) 
[6][B2-xAx] O4, the inversion parameter (x) can 
also calculated using the formulas below as proposed by Millard et al., (1992); and Schreyeck et 
al., (2001); 
% Al4  =  
Area of peak at 68ppm 
Total peak Area
∗ 100                                                                             4.16                     
% Al6  =  
Area of peak at 9ppm 
Total peak Area
∗ 100                                                                               4.17    
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Figure 4.9.  Al NMR spectra of monometallic catalysts 
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Figure 4.10. Al NMR spectra of bimetallic catalysts 
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The ratio of octahedral to tetrahedral aluminium correspond to; 
Al6
Al4
=
2−x
x
                                                                                       4.18                                                                      
This leads to; 
x =
2
[1+(
Al6
Al4
)]
                                                                                   4.19 
where A = M2+ (Mg, Ni, Co) , B = (Al3+ )  , 4( ) = Tetrahedral site,  6( ) = Octahedral site , and x = 
inversion parameter. 
The results obtained from the calculation of the area integration and the inversion 
parameter are presented in Tables 4.11 and 4.1.12. A progressive increase in value of x was 
observed as the Mg/Al ratio increased from 0 to 2 in both monometallic and bimetallic catalysts. 
Additionally, Ni catalysts showed more inversion than Co catalyst, signifying that their desire for 
the octahedral sites are different. Obviously, incorporation of Mg causes inversion in the spinel 
structure and Ni ions occupy more octahedral site than Co ions. 
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Table 4.11. Inversion parameter for monometallic catalysts 
Catalysts Al6/Al4 x 
CopCat-Ni3-Mg/Al-0.00 3.54 0.44 
CopCat-Co4-Mg/Al-0.00 4.01 0.40 
CopCat-Ni5-Mg/Al-1.60 2.70 0.54 
CopCat-Co6-Mg/Al-1.55 3.32 0.46 
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Table 4.12. Inversion parameter for bimetallic catalysts 
Catalyst Al6/Al4 x 
CopCat-Ni2Co2-Mg/Al-0.30       5.60 0.30 
CopCat-Ni2Co2-Mg/Al-1.00       4.09 0.39 
CopCat-Ni3Co3-Mg/Al-1.75        3.17 0.48 
CopCat-Ni4Co5-Mg/Al-2.00        2.57 0.56 
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4.1.7    XPS of Ni and Co 2p  
 Information about the oxidation state and interaction of the active metal with the support 
were obtained using this characterization technique. The Ni 2p spectra of the monometallic 
catalysts are presented in Figure 4.11, while the Co 2p spectra are shown in Figure 4.12. The 
spectra of both Ni and Co 2p are characterized by two major peaks related to 2p3/2 and 2p1/2 with 
an associated satellite peak. The energy separation between the main and satellite peak of the 2p 
XPS spectra, in addition to the binding energy (BE), give information about the environment of 
metals according to Dillard et al., 1983. From Figures 4.11 and 4.12, the 2p3/2 BE of the Al 
supported monometallic Ni and Co are 856 eV and 781 eV respectively. While this BE value of 
the Co catalyst correspond to that of CoAl2O4 spinel 781 eV reported by Chin and Hercules, 1982; 
Xiong et al., 2005; a slight difference was observed in the BE of the Ni catalyst compared to 
NiAl2O4 spinel value of 856.2eV stated by Stöcker et al., 1988. The decrease in BE value could be 
related to the presence of some isolated or loosely bonded Ni on the Al-Ox support. Introduction 
of MgO into the support caused a decrease in the value of 2p3/2 BE in the Mg-Al supported catalyst 
compared to the Al-Ox only supported catalysts. The value of the Ni catalyst decreased to 854.8 
eV, while that of Co went down to 780 eV.  These reductions in value could be related to reduced 
interaction of the active metals with Al, and the presence of considerable amount of the metals in 
the MgO phase as earlier stated by Juan-Juan et al., 2009.  
 The 2p XPS spectra of both Ni and Co in the bimetallic catalysts are presented in Figures 
4.13 and 4.14 respectively. The spectra features are like the monometallic catalysts in terms of the 
major and satellite peaks. The trend observed was that the 2p3/2 BE energy decreased as the Mg/Al 
ratio increased, which could signify more interaction of the active metals with MgO-phase as the 
ratio increased.  
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Figure 4.11. Ni 2p XPS spectra of monometallic catalysts 
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Figure 4.12. Co 2p XPS spectra of monometallic catalysts 
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Figure 4.13. Ni 2p XPS spectra of bimetallic catalysts 
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Figure 4.14. Co 2p XPS spectra of bimetallic catalysts 
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A difference was observed in the 2p3/2 BE of the Mg-Al-Ox supported bimetallic catalysts when 
compared with the corresponding monometallic catalysts. With the similar support composition, 
this difference could only be related to the interaction of support with Ni and Co. An increase in 
peak intensity was also observed as the Mg/Al ratio increased in the Mg-Al supported composite 
catalysts. Such increase in XPS peak intensity could be related to decrease in particle size because 
of better dispersion (Oh et al., 2003). Also, the intense satellite structure on the high binding energy 
side of the main photo peaks shows that Ni and Co are present mostly in +2 states (Dillard et al., 
1983). A summary of the important features of the spectra are highlighted in Table 4.13 for the 
monometallic catalysts, while Tables 4.14 and 4.15 are for Ni and Co in the bimetallic catalysts.  
Regarding the distribution of the metal within the bulk phases of the support, some features 
of the spectra were compared with pure standard metal oxide (purely octahedral) and metal spinel 
(purely tetrahedral). Co2p1/2 – Co2p3/2   energy split of approximately 16 eV shows Co is present 
as Co (II) in high spin for the catalysts (Brinen and Armstrong, 1978). From Table 4.13, the 2p3/2 
BE (781 eV) and ∆BE Co 2p3/2 (sat-main) value of 5.0 eV for CopCat-Co4-Mg/Al-0.0 catalyst 
compare well with the values of 781 and 4.7 eV reported by Dillard et al., 1983; for Co2+ in a 
complete tetrahedral site of CoAl2O4 spinel. These values of 780 and 6.0 eV for CopCat-Co6-
Mg/Al-1.55 composites falls between CoAl2O4 and CoO (780.1 and 6.3 eV that is in purely 
octahedral geometry) (Dillard et al., 1983). Additionally, a shift of the 2p3/2 binding energy to 
higher value has been attributed to more tetrahedral site occupancy of metal ions (Wu and 
Hercules, 1979).  
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Table 4.13. Summary of XPS (Ni 2p and Co 2p) spectra of monometallic catalysts 
 
Catalyst Binding Energy      ∆BE  ∆BE  2p3/2 
 
(BE )2p3/2       (2p1/2-2p3/2)  (sat –main)  
(eV)       (eV) (eV) 
CopCat-Ni3-Mg/Al-0.00 856.0 17.0 5.0 
CopCat-Ni5-Mg/Al-1.60 854.8 17.5 5.9 
CopCat-Co4-Mg/Al-0.00 781.0 15.5 4.9 
CopCat-Co6-Mg/Al-1.55 780.0 15.7 6.0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
73 
 
Table 4.14. Summary of Co 2p XPS spectra of bimetallic catalysts 
Catalyst Binding Energy      ∆BE Co  ∆BE Co 2p3/2 
 
Co 2p3/2       (2p1/2-2p3/2)  (sat –main)  
(eV)       (eV) (eV) 
CopCat-Ni4Co5-Mg/Al-0.30 782.0 16.1 5.0 
CopCat-Ni2Co2-Mg/Al-1.00 781.2 16.1 5.6 
CopCat-Ni3Co3-Mg/Al-1.75 781.0 16.0 5.9 
CopCat-Ni4Co5-Mg/Al-2.00 781.0 16.0 5.9 
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Table 4.15. Summary of Ni 2p XPS spectra of bimetallic catalysts 
Catalyst Binding Energy ∆BE Ni  ∆BE Ni 2p3/2 
 
Ni 2p3/2  (2p1/2-2p3/2)  (sat – main)  
(eV) (eV) (eV) 
CopCat-Ni2Co2-Mg/Al-0.30 856.4 17.3 5.1 
CopCat-Ni2Co2-Mg/Al-1.00 856.0 17.1 5.7 
CopCat-Ni3Co3-Mg/Al-1.75 855.5 17.1 6.0 
CopCat-Ni4Co5-Mg/Al-2.00 855.4 17.1 6.0 
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In case of Ni, Stoker et al., 1988; reported a value of 856.2 and 854.6 eV for 2p 3/2 BE of NiAl2O4 
(purely tetrahedral) and NiO (purely octahedral) respectively. A ∆BE Ni (2p1/2 –2p3/2) and ∆BE Ni 
2p3/2(sat-main) values of 18 and 6.1 eV were reported by Matienzo et al., 1973; for pure 
octahedral Ni. The values reported for our Ni catalysts in Table 4.13 falls between the purely 
octahedral and tetrahedral Ni. CopCat-Ni3-Mg/Al-0.0 has values a bit above NiAl2O4, while 
CopCat-Ni5-Mg/Al-1.6 has value close to that of NiO as reported by Stocker et al., (1988); 
Matienzo et al., (1973). The above results show that while Co2+ could be strictly distributed in the 
tetrahedral site in CopCat-Co4-Mg/Al-0.0, and appreciable amount of Co2+ occupies the 
octahedral site in CopCat-Co6-Mg/Al-1.55 monometallic composite. In case of Ni monometallic 
catalysts, Ni2+ is distributed between both sites in the Ni composite catalysts or there could be 
some isolated or loosely bonded Ni in the catalysts. For the bimetallic catalysts (Table 4.14), the 
∆E Co 2p3/2(sat-main) values for all the catalysts range from 5.0 to 5.9 eV. These values fall 
between 4.7 eV for complete tetrahedral Co ions (Dillard et al., 198)] and 6.3 eV for octahedral 
Co ions (Kim, 1975). Additionally, this value became closer to the octahedral Co value as the 
Mg/Al ratio increased in the catalyst. Similar trend was observed in these values for Ni in the 
bimetallic catalysts as shown in Table 4.15. The difference in the value of ∆E Ni 2p3/2 (sat-main) 
in the catalysts shows that the distribution of Ni between the tetrahedral and octahedral sites is not 
the same, even though ∆BE (2p1/2-2p3/2) value shows the state of Ni is the same in all the catalysts. 
 Summarily, the XPS results show that with the introduction of MgO, there was reduced 
interaction between the active metals and Al in the spinel phase. Also, the active metals were 
present in both the MgO and spinel phase in the Mg-Al-Ox supported catalysts. Additionally, there 
was more octahedral occupancy of the active metals with the introduction of Mg, indicating that 
spinel inversion could offer more octahedral occupancy of the active metals. 
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4.1.8    STEM-EDX of monometallic catalysts  
 To understand the interaction of the active metals with the support, STEM-EDX mapping 
was done on the monometallic catalysts of Ni and Co, and the results obtained for the Al-Ox 
supported monometallic Co (CopCat-Co4-Mg/Al-0.00) and Ni (CopCat-Ni3-Mg/Al-0.00) 
catalysts are shown in Figures 4.15 and 4.16 respectively. Co showed a homogenous distribution 
with good dispersion on the support. Co particle size also appear smaller with no phase segregation 
on the Al-Ox support. Unlike Co, Ni displayed a non-homogeneous distribution, with slightly 
bigger particle size and a phase segregation of NiO on the Al-Ox support (Figure 4.16). The 
isolated phase is an indication of less stronger interaction of Ni with Al, when compared to Co and 
Al.  Modification of the support with MgO changed the distribution of the active metals on the 
supports as revealed by the STEM-EDX results of the Mg-Al-Ox supported catalysts (Figures 4.17 
and 4.18). There was an even distribution of between Mg and Al (Figures 4.17 c and 4.18 c) in 
both Ni and Co catalysts, an indication of stronger interaction between Mg and Al in the catalysts 
system. Co showed a stronger interaction with Al (Figure 4.17 a) than with Mg (Figure 4.17 b), 
while Ni showed similar distribution on both Al (Figure 4.17 a) and Mg (Figure 4.17 b). These are 
substantiated by the brightness and size of circled spot in the STEM-EDX results. 
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Figure 4.15. STEM-EDX of Al-Ox supported monometallic Co catalyst (CopCat-Co4-Mg/Al-0.0) 
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Figure 4.16. STEM-EDX of Al-Ox supported monometallic Ni catalyst (CopCat-Ni3-Mg/Al-0.0) 
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Figure 4.17. STEM-EDX of Mg-Al-Ox supported monometallic Co catalyst (CopCat-Co6-
Mg/Al-1.55) 
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Figure 4.18. STEM-EDX of Mg-Al-Ox supported monometallic Ni catalyst (CopCat-Ni5-Mg/Al-
1.6) 
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 In summary, Ni and Co showed different distribution on similar support, as well as different level 
of interaction with the components of the support system 
 
4.1.9    Basicity of catalysts from CO2-TPD 
 This property tells us the capability of the catalysts for the adsorption and desorption of the 
reactant (CO2) on the surface of the catalysts. The desorption pattern exhibited by the catalysts are 
shown in Figures 4.19 and 4.20 for the monometallic and bimetallic catalysts respectively.  The 
profile of the catalysts is defined by three desorption peaks at temperatures around 100, 400 and 
650 oC, suggestive of different basic sites. These peaks are assigned to weak, intermediate and 
strong basic sites respectively (Debecker et al., (2009); Di-Cosimo et al., (1998)). The basicity of 
the Al-Ox supported monometallic Co (CopCat-Co4-Mg/Al-0.0) and Ni (CopCat-Ni3-Mg/Al-0.0) 
catalysts are approximately equal, with both profiles characterized by distinct weak and strong 
basic sites, with a very faint intermediate basic site. The introduction of MgO into catalyst 
composites significantly increased the basicity of the catalysts, most especially the intermediate 
basic sites. This became obvious from the increase in the peak area of the profiles of the Mg-Al-
Ox supported monometallic Co (CopCat-Co6-Mg/Al-1.55) and Ni (CopCat-Ni5-Mg/Al-1.6) catalysts 
as compared to the profile of the corresponding Al supported catalysts (CopCat-Ni3-Mg/Al-0.0 and 
CopCat-Co4-Mg/Al-0.0). Additionally, Co catalyst exhibited stronger basic site compared to the 
corresponding Ni catalyst in the Mg-Al supported catalyst. This could be related to stronger 
interaction of Co with the MgO in the support. The result of the bimetallic catalysts (Figure 4.20) 
showed progressive increase in peak area as the Mg/Al ratio increased from 0.3 to 2. The strength 
of the strong basic site became more obvious and intense in the higher Mg/Al ratio bimetallic 
catalysts.  
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Figure 4.19. CO2 -TPD result of the monometallic catalysts 
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Figure 4.20. CO2 -TPD result of the bimetallic catalysts 
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Weak basic site could be associated with the presence of (OH-) where CO2 probably adsorbed as 
bicarbonate species. Intermediate basic site is where CO2 is adsorbed on Mg-O pairs, forming 
bidentate species. The adsorption of CO2 over low coordination oxygen anions to form unidentate 
carbonates is related to the strong basic site respectively (Debecker et al., (2009); Di-Cosimo et 
al., (1998). Metal interaction, chemical composition, nature of surface specie, as well as local and 
bulk structure affect the basicity of catalyst (Munoz et al., 2012). Surface species can alter the 
strength of metal-Oxygen bond (Mg-O, Al-O, Ni-O and Co-O), resulting in diverse types of basic 
site (Munoz et al., 2012). Incorporation of sufficient MgO changed the bulk structure (from XRD 
result) and consequently affected the basicity. Basic sites promote the adsorption and conversion 
of more CO2 during dry reforming reaction (Hu, (2009); Wang et al, (2009)) and enhance the 
elimination process of coke through the reaction of CO2 with C to produce CO (Xu et al., (2011); 
Zhu et al., (2011)). Obviously, the compositional change as well as changes in the bulk phase 
affected the basicity of the catalysts. 
 
4.2     Catalyst Characterization Results after Reduction 
 Discussions about active metal(s) reduction from bulk phases, extent of reduction, site 
formation and particle size of metal after reduction are presented in this section.  
 
4.2.1    H2-TPR profile 
The H2-TPR profile of the bimetallic catalysts are presented in Figure 4.21. Reduction 
peaks range between 200-850 oC suggest various types of interaction between the metal oxides 
and the support. 
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Figure 4.21. H2-TPR profile of bimetallic catalysts 
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The profiles of the higher Mg/Al ratio catalysts (CopCat-Ni4Co5-Mg/Al-2.0 and CopCat-Ni3Co3-
Mg/Al-1.75) are characterized by three different reduction peaks namely A, B, C at temperatures 
200-300 oC, 400-600 oC and 750-850 oC, respectively. Only peak C with a shift to higher 
temperature was seen in the profile of the lower Mg/Al ratio catalyst (CopCat-Ni2Co2-Mg/Al-
0.30). CopCat-Ni2Co2-Mg/Al-1.0 profile falls between these two groups of catalysts. Peak A can 
be attributed to the reduction of free surface or loosely bonded metal oxides (Ni) that have weak 
interaction with the support (Munoz et al., (2012); Arena et al., (1990); Yu et al., (2006); Koo et 
al., (2008)). These species are readily accessed by H2 and are easily reduced. Peak B is related to 
the reduction of octahedral metal oxides from both surface and bulk having intermediate 
interaction with the support. Peak C can be ascribed to the reduction of metal oxides that have 
stronger interaction with the support and are hard to reduce (Munoz et al., (2012), Wu and 
Hercules, (1979); Al-Fatesh, (2015); Arena et al., (1990); Yu et al., (2006)). The profiles revealed 
more intense reduction peak area with increasing Mg/Al ratio. This shows that more reducible 
species are present in the higher Mg/Al catalysts. Also, a shift in reduction peak to higher 
temperature was observed as the Mg/Al ratio decreased, most especially peak C in CopCat-Mg/Al-
0.30. Such a shift is attributed to the nature of spinel structure as Mg2+ facilitates easier reduction 
of the metal oxide, bringing about a shift in reduction peak to lower temperature (Koo, et al., 2008).  
 
4.2.2    Ni and Co XANES 
 The extent of Ni and Co reduction was determined using Ni and Co K-edge XANES 
studies. Their K-edge XANES after reduction at 800 oC for 4hrs were compared with their 
respective metal foil and XANES before reduction. Sample plots for Al supported monometallic 
Co and Ni catalysts are shown in Figures 4.22 and 4.23 respectively. No full reduction of Ni or Co 
was seen in any of the catalysts after 4hrs reduction in N2/H2 gas mixture.  
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Figure 4.22. Normalized Co K-edge XANES for CopCat-Co4-Mg/Al-0.0 
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Figure 4.23. Normalized Ni K-edge XANES for CopCat-Ni3-Mg/Al-0.0 
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Linear combination fitting of XANES was then used to determine the extent of reduction of Ni2+ 
and Co2+ to their respective metal in all the catalysts. The results of XANES fittings for the reduced 
catalysts are shown in Table 4.16 for the monometallic catalysts. From the data presented in the 
Table 4.16, Al-Ox supported monometallic Co catalysts (CopCat-Co4-Mg/Al-0.0) showed no Co2+ 
reduction, while appreciable Ni2+ reduction up to 33 % was observed in the Al-Ox supported Ni 
catalyst (CopCat-Ni3-Mg/Al-0.0). The introduction of MgO into the catalyst composite improved 
the reducibility of the metal ions. Ni 2+ reduction increased to 88 %, while Co2+ attained 54 % 
reduction. But in all the corresponding catalyst samples, Ni reduction was found to be higher than 
Co in the monometallic catalysts.  
How the phase composition and Mg/Al ratio affect active metal reducibility was studied 
using the bimetallic catalysts. The results obtained for the metal reducibility is shown in Table 
4.17, with the average metal reduction rate was calculated using Equation 4.20 below; 
Average reduction (%)  = [Ni reduction rate (%) ∗
% Ni in sample
%Ni+% Co
 ]  +  
                                                            [Co reduction rate (%) ∗
% Co in sample
%Ni+% Co
]      4.20 
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Table 4.16. Extent of Ni and Co reduction in monometallic catalysts 
Catalyst Ni (%) NiO (%) Co (%) CoO (%) 
CopCat-Co4-Mg/Al-0.00 - - 0 100 
CopCat-Ni3-Mg/Al-0.00 33 67 - - 
CopCat-Co6-Mg/Al-1.55  - - 54 46 
CopCat-Ni5-Mg/Al-1.60 88 12 - - 
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Table 4.17. Extent of Ni and Co reduction in bimetallic catalysts 
           
Catalyst Ni NiO Co CoO 
Average metal 
reduction 
                                          % 
CopCat-Ni2Co2-Mg/Al-0.3 12 88 2 98 7 
CopCat-Ni2Co2Mg/Al-1.0 35 65 7 93 21 
CopCat-Ni3Co3-Mg/Al-1.75 85 15 28 72 57 
CopCat-Ni4Co5-Mg/Al-2.0 90 10 32 68 61 
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From the fitting results shown in Table 4.17, the reduction rate of both Ni and Co increased with 
increase in the Mg/Al ratio in the catalysts. This result agreed with the H2-TPR that showed more 
reduction peaks and phases in the higher Mg/Al ratio catalysts. Comparison between the reduction 
results of monometallic Ni (CopCat-Ni3-Mg/Al-1.60) and bimetallic Ni-Co (CopCat-Ni3Co3-
Mg/Al-1.75 and CopCat-Ni4Co5-Mg/Al-2.0) showed that the extent of Ni reduction is similar in 
both group of catalysts. Thus, the presence of Co did not seem to have any effect on the reduction 
extent of Ni2+ in the bimetallic Ni-Co catalysts with sufficient MgO loading. But different trend 
was observed in Co2+ reduction, when compared the reduction results of monometallic Co catalysts 
(CopCat-Co6-Mg/Al-1.55) and bimetallic Ni-Co catalysts (CopCat-Ni3Co3-Mg/Al-1.75 and 
CopCat-Ni4Co5-Mg/Al-2.00). More Co reduction was observed in the monometallic catalysts 
compared to bimetallic Ni-Co catalysts with sufficient MgO. Additionally, while no reduction of 
Co was observed in the Al-Ox supported monometallic catalyst, appreciable amount of Ni2+ was 
observed in the corresponding catalysts. These results showed that interaction of the active 
metal(s) with the support, as well as the composition of the bulk phase, affected the reducibility of 
the active metals (Ni and Co) in this study.  
 The phase composition of catalyst after calcination was related to the extent of active metal 
reduction. The correlation results (Figures 4.24 and 4.25) showed that the extent of active metal 
reduction was directly proportional to the MgO-solid phase, with an inverse relationship to spinel 
phase. Additionally, the average metal reduction was found to be approximately equal to the MgO 
phase, an indication that the average metal reduction was determined by the MgO phase in the Ni-
Co-Mg-Al-Ox catalyst system in this present study.  
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Figure 4.24. Correlation between metal reduction and MgO phase in the catalysts  
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Figure 4.25. Correlation between metal reduction and spinel phase in the catalysts  
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Assuming Ni and Co were distributed equally in both phases (MgO and spinel) or percentage 
distribution of the active metals in each catalyst was equal to the percentage MgO and spinel in 
each catalyst (i.e for CopCat-Ni4Co5-Mg-Al-2, 62 % active metal in MgO and 38 % in spinel 
phase), it could be observed that percentage reduction of Co2+ was either less than or equal to the 
MgO phase, while the extent of Ni2+ reduction was greater than the MgO phase. This show that 
Co2+ reduction could be solely from the MgO-solid phase, while Ni2+ reduction was from both 
MgO-solid and spinel phase. This was substantiated by the reduction results of both Ni (33 %) and 
Co (0 %) in the Al supported monometallic catalysts. Thus, why Ni reduced more than Co could 
be related to the nature of oxides or how they interact with the support. 
 
4.2.3 Catalyst structure, site preference and metal reducibility 
From the textural and bulk characterization results, the catalysts can be classified into two 
groups. The first group has sufficient MgO (Mg/Al >1), while the other group has less or no MgO 
(0 <Mg/Al <1). Catalysts in each group showed similar properties (textural and bulk), except for 
some additional features caused by the presence of Co in the bimetallic catalysts. The presence of 
Mg and Co increased the mesoporous property and facilitated the formation of more uniform pores, 
in addition to improved basicity recorded in the catalysts. A progression from spinel to spinel + 
MgO and finally to spinel + MgO + NiCoO2 was observed in the XRD results. The spinel phase 
resulted from the interaction of the active metals with Al, MgO-solid was due to their interaction 
with Mg, while the interaction between the active metals (in the presence of sufficient MgO) could 
have led to the formation of NiCoO2 phase. A change in type of spinel and distribution of active 
metal was also observed from the combined Mg and Al K-edge XANES, Al-NMR and XPS 
results.  
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Besides the textural properties and crystal structure, factors such as nature of oxides, metal-
metal interaction, metal-support interaction (Wang et al., (2012); Wang and Ruckenstein, (2001)), 
composition and distribution of the active metals within the structure of the catalysts (Wu and 
Hercules, 1979) can affect the reducibility of the active metals in a catalyst system. Based on the 
reduction potential value, Ni2+ (-0.25 V) would be easily reduced compared to Co2+ (-0.28 V). 
Additionally, isolated or loosely bonded NiO was observed in the catalyst (STEM-EDX), which 
could contribute to more Ni2+ reduction compared to Co2+. Also, from the structures revealed by 
both XRD and Mg, Al K-edge XANES, there were two major sites namely tetrahedral and 
octahedral available for Ni2+ and/or Co2+ to occupy. The extent of metal reduction depends on 
these sites placement, and while octahedral site metal ions are easily reduced, tetrahedral are not 
(Wu and Hercules, 1979). The site preference of the metal ions and their distribution within these 
sites depend on factors such as electronic configuration, size of ions, lattice energy, ligand field 
stabilization energy and the interaction between the ions presents (Aditya, 2011). The amount of 
M2+ in the octahedral site and M3+ in the tetrahedral site is a measure of the inversion parameter. 
The choice of Ni2+ and Al3+ for octahedral site is due to their electronic configuration (3d8) and 
lattice energy respectively. The less preference of Co2+ for the octahedral site is due to its 3d7 
configuration, while site occupancy of Mg2+ depends on the affinity of the other ions for a site 
(Aditya, 2011). Then it is likely that MgO-solid phase offered the active metal ions more 
octahedral occupancy, leading to more metal ion reductions that was observed in the catalysts as 
Mg/Al ratio increased. Thus, the reduction of more active metal ions in the higher Mg/Al spinel 
could be related to the increase in inversion parameter (x). 
Regarding the Al-Ox supported monometallic catalysts, gamma alumina support only 
showed a spinel structure (defective spinel) with appreciable amount of inversion up to 0.48. 
Incoming Ni and Co (3.26 %) would have to go into the octahedral or tetrahedral sites, with choice 
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of site depending on their electronic structure and interaction with Al-Ox. With Ni2+ preferring the 
octahedral and Co2+ tetrahedral sites, this could explain the difference in Ni and Co reduction in 
the Al-Ox supported catalysts. Thus, the inversion of gamma alumina spinel was solely due to the 
random distribution of Al 3+ within the sites of the spinel. 
 In addition to site preference, the difficulty of Co2+ reduction compared to Ni2+ in the 
catalyst system could also result from the stronger interaction between Co and the support (CO2-
TPD result), resulting in the formation of a more stable structure (in both MgO and spinel phase), 
which could be totally reduced at higher temperature greater than 1000 °C (Wang et al., 2001). To 
confirm this, reduction study was conducted at different temperatures in the next sub-section. 
 
4.2.4 Effect of temperature on active metals reduction 
The reduction results of Ni and Co study at different temperatures using linear combination 
fitting of XANES are presented in Figures 4.26 and 4.27 for Ni and Co respectively. The results 
showed that the reduction of the metals increased with increase in reduction temperature, and Ni 
showed superior reduction than Co in all the catalysts at all the reduction temperatures studied. 
Looking at the reduction trend in the catalysts, Ni2+ showed little reduction (7 %), while no Co2+ 
reduction was observed in CopCat-Ni2Co2-Mg/Al-0.3 at 600 oC, and increase in temperature to 
800 oC had no significant effect on the metal reducibility. A further increase in temperature to 900 
oC increased both Co and Ni reduction significantly to 23 % and 75 % respectively. On the other 
hand, CopCat-Ni4Co5-Mg/Al-2 and CopCat-Ni3Co3-Mg/Al-1.75 experienced a linear increase in 
metal reducibility, when temperature increased from 600 oC to 800 oC, even up to 900 oC for Co2+. 
Reduction extent of Ni in these catalysts increased from around 23 % to 85 % when temperature 
increased from 600 to 800 oC.  
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Figure 4.26. Extent of Ni reduction vs reduction temperature for bimetallic catalysts 
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Figure 4.27. Extent of Co reduction vs reduction temperature for bimetallic catalysts 
 
 
 
 
 
 
 
 
 
 
 
0
10
20
30
40
50
60
600 700 800 900
C
o
 r
ed
u
ci
b
il
it
y
 (
%
)
Reduction temperature (°C) 
CopCat-Ni2Co2-Mg/Al-0.3 CopCat-Ni2Co2-Mg/Al-1.0
CopCat-Ni3Co3-Mg/Al-1.75 CopCat-Ni4Co5-Mg/Al-2.0
100 
 
The flat-out for Ni from 800 oC to 900 oC in these catalysts could be related to absence of more 
accessible Ni2+ to be reduced in these catalysts. Co2+ showed a different reduction trend in these 
catalysts (CopCat-Ni4Co5-Mg/Al-2 and CopCat-Ni3Co3-Mg/Al-1.75). There was an average 
increase of 25 % percent when reduction temperature increased from 600 to 800 oC, and a 
subsequent increase to 50 % with further increase in temperature from 800 to 900 oC. For CopCat-
Ni2Co2-Mg/Al-1.0, 7 % Co reduction was achieved when the reduction temperature increased 
from 600 oC to 800 oC. With further increase in temperature to 900 oC, the reduction of Co 
increased to 30 %. A significant 25 % Ni reduction was achieved when temperature increased from 
600 oC to 800 oC, while a further increase in temperature raised Ni reduction to 80 %. These results 
showed that Ni and Co displayed different reduction trends, which further suggested their 
mechanism of reduction could be different as previously reported by Wang et al., 2012; or they 
were being reduced from different structures. Additionally, catalysts with similar structure 
displayed similar reduction features as well as reduction extent. Most of the Ni2+ reduction 
occurred between 600-800 oC, while Co2+ reduced mostly at around 900 oC in all the catalysts. 
These results showed that the difficulty of active metals reduction in CopCat-Ni2Co2-Mg/Al-0.3, 
could be due to the stability experienced by the metal ions in the normal spinel structure. An 
improved Co reduction was also seen in all the catalysts at 900 oC, which supported the claim that 
structure, stability and site occupancy govern the metals reduction in this study. Increase in 
temperature to 900 oC likely destabilized the structure of the catalysts, which could lead to the 
migration of the metal ions from the tetrahedral to the octahedral site, thus facilitated more 
reduction of metals in the lower Mg/Al ratio catalysts at 900 oC. This also explained the improved 
reduction in Co in the catalysts with increase in reduction temperature. Similar result was reported 
by Cimino et al., 1975; that increase in reduction temperature could promote more reduction of 
metals, due to the increased [Ni]oct/[Ni] tetra ratio. 
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4.2.5 Dispersion results from CO chemisorption 
 Due to the endothermic nature of the reaction, sintering is one of the major problem of dry 
reforming catalyst. A well dispersed active metal on the right support can prevent sintering and 
carbon deposition (Damyanova et al., 2009). The dispersion results of the active metal(s) and CO 
uptake of the catalysts from the CO chemisorption experiment are shown in Tables 4.18 and 4.19 
for the monometallic and bimetallic catalysts respectively. Since no Co reduction was seen in the 
CopCat-Co4-Mg/Al-0 catalyst, no CO-chemisorption study was conducted on this catalyst. 
Introduction of MgO into Al-Ox supported catalyst increased the CO uptake of monometallic Ni 
catalyst from 4.9 to 15.2 mol g-1, indicating the presence of more metallic sites on the Mg-Al-Ox 
supported catalyst. Similar trend was also observed in the bimetallic catalysts as CO uptake 
increased from 9.3 to 24.3 mol g-1 as the Mg/Al ratio increased from 0.3 to 2. Comparison 
between the two groups of catalysts showed better CO adsorption in the bimetallic catalysts. This 
could be related to the interaction between Ni-Co, leading to stronger site performance with 
regards to CO adsorption. Additionally, all these results agree with the Ni and Co K-edge XANES 
reduction results. The presence of MgO also increased Ni dispersion from 0.9 to 1.5% in the 
monometallic catalysts.  Similar trend was also observed in the results of the bimetallic catalysts 
system as increase in the Mg/Al ratio from 0.3 to 2 resulted in corresponding increase in dispersion 
from 1.4 to 2.0 %. Comparison between the mono and bimetallic catalysts showed that more 
dispersion was achieved in the bimetallic catalysts with similar support system (rich in MgO). A 
higher dispersion also corresponds to smaller particle size based on the relationship: 
                 D α 1/dp                         (D = dispersion and dp = particle size)                    4.21 
This was also verified from the TEM results. Thus, slightly better dispersion was achieved with 
higher Mg/Al ratio in this study. 
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Table 4.18. Metal dispersion results of the monometallic catalysts 
      
Catalysts 
Metal dispersion  
(%) 
CO uptake 
 (mol g-1) 
CopCat-Co4-Mg/Al-0.00 - - 
CopCat-Ni3-Mg/Al-0.00 0.9 5 
CopCat-Ni5-Mg/Al-1.60 1.5 15 
CopCat-Co6-Mg/Al-1.55 1.3 8 
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Table 4.19. Metal dispersion results of the bimetallic catalysts 
    
Catalysts Metal dispersion (%) 
CO uptake  
(mol g-1) 
CopCat-Ni2Co2-Mg/Al-0.30 1.4 9 
CopCat-Ni2Co2-Mg/Al-1.00 1.3 9 
CopCat-Ni3Co3-Mg/Al-1.75 2.0 19 
CopCat-Ni4Co5-Mg/Al-2.00 1.7 24 
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4.2.6 TEM results for particle size 
 The TEM images of the reduced catalysts are shown in Figures 4.28 and 4.29 for the mono 
and bimetallic catalysts respectively. For the Al-Ox supported monometallic Ni and Co catalysts, 
the images showed strictly rod-like crystals. Modification of the support with MgO reduced these 
rod- like crystals, and spot-like/ grain type crystals became dominant structure. Similar trend was 
also observed in the images of the bimetallic catalysts (Figure 4.29). As the Mg/Al ratio increased 
from 0.3 to 2, there was an obvious change from rod-like type dominated crystals to spot-like/grain 
like dominated. Additionally, the rod-like crystals became isolated, scattered and smaller. In 
combination with the XRD and XANES results of Mg and Al, the rod-like crystals were attributed 
to spinel, while the spot-like/grain type crystals were related to the MgO-solid phase. Also, no 
metal particle (black spot) was observed in the Al-Ox supported Co catalysts. This corresponds to 
no metal reduction in this catalyst as previously observed in the Co XANES results. Some Ni 
particles were seen in the Al-Ox supported Ni catalysts. Smaller and more reduced particles were 
observed in these catalysts with the introduction of MgO into the catalysts system. At higher 
Mg/Al ratio, more spot-like crystals, more reduced particles and smaller particle sizes were 
observed. These results agreed with the Ni and Co XANES results. The average crystallite size of 
catalysts was calculated from multiple images of the reduced catalysts. For the monometallic 
catalysts, the sizes of the crystals are in the order of CopCat-Ni5-Mg/Al-1.6 (6.7 nm) < CopCat-
Co6-Mg/Al-1.55 (7.0 nm) < CopCat-Ni3-Mg/Al-0 (11.7 nm). The crystallite sizes of the bimetallic 
catalysts are in the order of 6.0 nm < 6.2 nm < 10.5 nm < 13.2 nm for Mg/Al ratio of 2, 1.75,1.0, 
and 0.3 respectively, with standard deviation of ±0.2.  Thus, the average crystallite sizes of the 
reduced metals became smaller as the Mg/Al ratio increased from 0.3 to 2.0 
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Figure 4.28.TEM images of reduced monometallic catalysts 
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Figure 4.29.TEM images of reduced bimetallic catalysts 
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4.3     Conclusions  
Based on the catalysts characterization results discussed so far, the following conclusions 
were made:  
• A change in the bulk structure of the catalyst was observed, from complete spinel to (spinel 
+ MgO-solid) and finally to spinel + MgO-solid + NiCoO2 (bimetallic catalysts) as the 
Mg/Al ratio changed from 0 to 2. 
• The relative composition of MgO and spinel phase varied with the composition of the 
support. 
• The nature of spinel changed from majorly normal to more inverse spinel as the Mg/Al 
ratio changes from 0 to 2. 
• More active metals were distributed in the octahedral sites as the Mg/Al ratio increased, 
due to spinel inversion and more MgO-solid phase. 
• Ni and Co interacted differently with the support and showed different extent of reduction. 
• Ni reduced on both MgO and spinel phase, while Co reduced strictly on the MgO-solid 
phase. 
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CHAPTER FIVE 
CATALYTIC PERFORMANCE FOR DRY REFORMING REACTION 
 
 This chapter discusses the activity and stability of the catalysts for CO2 reforming of CH4. 
To know the major source of catalyst deactivation, characterization results of catalysts after 
reaction are also highlighted in this chapter. 
 
5.1     Reactant Conversion and Product Selectivity 
 The performance of catalysts for DRM was measured by the rate of CO2 and CH4 
conversion, as well as catalyst selectivity towards the desired products, CO and H2.  The reactants 
conversion and products selectivity were calculated using the formulas below: 
Reactant conversion (%) = (Fin – Fout) ×100 / Fin                                                                                                   5.1 
H2 Selectivity (%) = [(Fout, H2, out - FH2, in) ×100] / 2× (Fin, cH4 – Fout, CH4)                                                       5.2 
CO Selectivity (%) = [(Fout, CO – Fin, CO) ×100] / [(Fin, cH4, in - FCH4, out) + (Fin, cO2, in - FCO2, out)]                   5.3 
F = Volumetric flow rate 
 
5.1.1 Rate of Conversion of CO2 and CH4  
 The activity results of the catalysts for the rate of conversion of CO2 and CH4 are presented 
in Figures 5.1 and 5.2 for the monometallic catalysts over 15 h TOS. No detectable activity was 
observed on the Al-Ox supported monometallic Co catalyst (CopCat-Co4-Mg/Al-0.0) for CH4 
conversion, which can be related to the absence of accessible active metal as observed in the Co 
XANES reduction result.  
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Figure 5.1. Rate of CH4 conversion over the monometallic catalysts 
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 Figure 5.2. Rate of CO2 conversion over the monometallic catalysts 
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While appreciable amount of activity was observed in the Al-Ox supported monometallic Ni 
catalyst (CopCat-Ni3-Mg/Al-0), higher activities were observed with the introduction of MgO (in 
CopCat-Ni5-Mg/Al-1.6 and CopCat-Co6-Mg/Al-1.55) for the same reaction, under the same 
reaction conditions. This could be expected based on the XANES reduction results, which showed 
the presence of more active Ni and Co in these catalysts. It is believed that CH4 dissociation takes 
place on the active metallic site, while CO2 conversion is initiated on the support surface (Chang 
et al., (2000); Verykios, (2003); Tsipouriari and Verykios, (2001)). No CO2 conversion was 
detected on the Al-Ox supported Co monometallic catalyst, even though its nature of support, 
textural properties and basicity were the same as CopCat-Ni3-Mg/Al-0. This showed that the 
conversion of both CH4 and CO2 in DRM reaction could be synergetic. There was an obvious 
increase in the CO2 conversion rate when these catalysts were modified with MgO. There was also 
an increase from 0 to 4.3 mmol s-1 g
-1
 for Co catalyst, and a corresponding increase from 2.0 to 4.0 
mmol s-1 g
-1
 in the Ni catalysts when the support changed from Al-Ox to Mg-Al-Ox. In addition 
to the availability of surface metal, structure also plays an important role in the catalytic behavior 
of catalysts for DRM (Segner et al., (1984); Bradford and Vannice et al., (1999); Ruckenstein and 
Wang, (2002); Yamaguchi and Iglesia, (2010)). The presence of MgO is believed to accelerate the 
decomposition and dissociation of CH4 and CO2, which facilitates the formation of more formate 
(HCOO-) (Son et al., 2014), that helps in the conversion of deposited carbon (from CH4 
dissociation) to CO. Presence of MgO can also transform the nature of spinel from inactive/less 
active CoAl2O4 and NiAl2O4 to mixed inverse spinel (NiMgAl2O4 and CoMgAl2O4), which are 
active for DRM reaction (Son et al., 2014). Similar trend was observed in the performance of the 
bimetallic catalysts for the rate of conversion of CO2 and CH4 as presented in Figures 5.3 and 5.4.  
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Figure 5.3. Rate of CH4 conversion over the bimetallic catalysts 
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Figure 5.4. Rate of CO2 conversion over the bimetallic catalysts 
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There was an increase in the initial rate of CH4 conversion from 1.5 to 4.2 mmol s -1 g
-1
 as the 
Mg/Al ratio increased from 0.3 to 2. An increase from 1.8 to 4.5 mmol s-1 g
-1
   was observed in the 
rate of CO2 conversion based on this ratio modification in the support of the bimetallic catalysts. 
While the trend in the performance of the monometallic catalysts followed the order of the basicity, 
the performance of the bimetallic catalysts followed the order of the extent of metal reduction and 
basicity. All these properties got improved solely because of the structural and compositional 
changes in the support. Irrespective of the group (monometallic or bimetallic), catalysts with 
higher Mg/Al in the support maintained good activity and stability over the entire TOS for the 
conversions of both CO2 and CH4 in the DRM reaction. Better performance of the higher Mg/Al 
ratio catalysts can be attributed to the availability of sufficient active sites that can accelerate the 
activation of CH4, and enough basic sites that can hasten the activation of CO2, which subsequently 
helped in the conversion of deposited carbon to CO.  
 
5.1.2 Selectivity of H2 and CO for DRM over the catalysts 
 The selectivity of catalysts towards the desired product for this reaction was measured by 
the H2/CO ratio. The results of the H2/CO ratio obtained for the catalysts used in this study are 
presented in Figures 5.5 and 5.6 for the monometallic and bimetallic catalysts respectively. There 
was difference in this ratio for the two groups of catalysts, and the observable trend was not 
different from the performance results in each group of catalysts. For the monometallic catalysts, 
no product selectivity was recorded for the Al-Ox supported monometallic Co catalyst (CopCat-
Co4-Mg/Al-0), since there was no CH4 and CO2 conversion observed in this catalyst. An initial 
value of 0.85 was recorded for the CopCat-Ni3-Mg/Al-0, 0.93 for CopCat-Ni-Mg/Al-1.60 and 
0.98 for CopCat-Co5-Mg/Al-1.55.  
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Figure 5.5. H2/CO for the monometallic catalysts 
 
 
 
 
 
 
 
 
 
0
0.2
0.4
0.6
0.8
1
0 2 4 6 8 10 12 14 16
H
2
/C
O
Time (h)
CopCat-Co6-Mg/Al-1.55 CopCat-Ni3-Mg/Al-0.00
CopCat-Ni4-Mg/Al-1.60
116 
 
 
Figure 5.6. H2/CO for the bimetallic catalysts 
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  Similar trend was also observed in the results of H2/CO ratio for the bimetallic catalysts as the 
H2/CO increased from 0.64 to approximately 1 as the Mg/Al ratio increased from 0.3 to 2.0; like 
the observed trend in the activity results of the catalysts. CopCat-Ni4Co5-Mg/Al-2.0 and CopCat-
Ni3Co3-Mg/Al-1.75 catalysts retained their H2/CO ratio value of close to 1, while the ratio for 
CopCat-Ni2Co2-Mg/Al-1.0 and CopCat-Ni2Co2-Mg/Al-0.3 decreased over the TOS. 
Specifically, CopCat-Ni2Co2-Mg/Al-1.0 showed a decrease from 0.85 to 0.71, while CopCat-
Ni2Co2-Mg/Al-0.3 experienced a significant decrease from 0.64 to 0.10 over the TOS. Decrease 
in product selectivity could be related to reduction in reactant conversion, resulting from catalyst 
deactivation. For most of the catalysts, the H2/CO ratio was less than the stoichiometry value of 1, 
based on the reaction equation, which could be related to the presence of some side reactions 
competing with DRM reaction, to a different extent in the catalysts. For instance, reverse water 
gas shift (RWGS) is a prominent side reaction associated with DRM reaction and its degree of 
severance is measured by the H2/CO ratio, as well as comparison between CO2 and CH4 
conversions. Higher CO2 conversion compared to CH4, and H2/CO ratio lower than 1 are 
indications of RWGS (Shi and Zhang, 2015). Other possible side reactions as stated from previous 
work by Zhang et al., (2008); Edwards and Maitra, (1995); include  
CO2   +   H2   ⇌  H2O  +   CO    (RWGS)                                                  5.4  
CH4     ⇌  C + 2H2                                                                                          5.5  
2CO  ⇌  CO2 +  C                                                                                           5.6  
CO +  H2   ⇌  H2O  +   C                                                                            5.7 
Additionally, the degree of fluctuation in the reactants conversion and products selectivity plots 
was different for all the catalysts, an indication of the occurrence of side reactions to a different 
extent in the catalysts (Shi and Zhang, 2015), or periodic deposition and removal of carbon on and 
from the surface of the catalysts. (Wei, 2003). Thus, significant changes were observed in the 
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reactants conversion, products selectivity and stability of catalysts as the Mg/Al ratio changed in 
both the monometallic and bimetallic catalysts. 
 
5.2     Turnover Frequency (TOF) 
 To differentiate the bulk performance of the catalysts from the site activity, TOF was 
calculated (based on site generated during reduction and CO uptake) for the catalysts using 
equations 5.8 and 5.9. 
𝑇𝑂𝐹1 (𝑚𝑜𝑙 𝑚𝑜𝑙𝑚𝑒𝑡𝑎𝑙
−1  𝑚𝑖𝑛−1) =   
 𝑋   ×  𝑛𝑚𝑒𝑡ℎ𝑎𝑛𝑒
𝑖𝑛𝑙𝑒𝑡
 (𝑘 𝐿𝑁𝑖+𝑦 𝐿𝐶𝑜) × 𝑊𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
                               5.8 
𝑇𝑂𝐹2 (𝑠𝑖𝑡𝑒 𝑠𝑖𝑡𝑒
−1  𝑚𝑖𝑛−1) =   
 𝑋   ×  𝑛𝑚𝑒𝑡ℎ𝑎𝑛𝑒
𝑖𝑛𝑙𝑒𝑡
 ( 𝑈𝐶𝑂) × 𝑊𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
                                              5.9 
 
where X is the conversion of reactant; n is the flow rate of methane (mol min-1 ); L is the loading 
of the active metal(s) (mol g-1); UCO is the CO uptake (mol g
-1); Wcatalyst  is the weight of catalyst; 
h = extent of Ni of reducibility (%); y is the extent of Co reducibility (%),  
TOF also offers the opportunity of comparing the activity of sites generated by the catalysts 
(after reduction) for DRM.  From the TOF results of the catalysts presented in Tables 5.1 and 5.2 
for both groups of catalysts, two main trends were observed: 
1) The TOF results followed an opposite trend to the extent of metal reduction, rate of CH4 
conversion, metal dispersion, as well as the Mg/Al ratio in the catalysts. 
2) Higher Mg/Al ratio catalysts showed stable TOF value, while a significant decrease was 
observed in the lower Mg/Al ratio catalysts.  
The observed trends in TOF with respect to the properties of the catalysts could be related 
to either one or more of these factors namely; redundancy of some during reaction, bigger size of 
site and low dispersion per reduced metal, or smaller particle size at higher reduction.  
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Table 5.1. Relationship between the CH4 conversion rate and TOF for monometallic catalysts 
 
Catalysts 
Initial 
rate  
Final 
 rate  
Initial TOF1 Final TOF1 Initial TOF2 Final TOF2 
 (mmol   (mmol   (mol min-1  (mol min-1  (site site-1  (site site-1  
  s-1 g-1) s-1 g-1)  molmet-1)  molmet-1) min-1) min-1) 
CopCat-Ni3-Mg/Al-0.00 1.9 1.2 571 491 21661 18653 
CopCat-Co4-Mg/Al-0.00 0.0 0.0 0 0 0 0 
CopCat-Ni4-Mg/Al-1.60 3.4 3.4 228 228 13683 13683 
CopCat-Co6-Mg/Al-1.55 4.2 4.2 379 379 30507 30507 
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Table 5.2. Relationship between CH4 conversion rate and TOF for bimetallic catalysts 
 
Catalysts 
Initial 
rate  
Final 
 rate  
Initial TOF1 Final TOF1 Initial TOF2 Final TOF2 
 (mmol   (mmol   (mol min-1  (mol min-1  (site site-1  (site site-1  
  s-1 g-1) s-1 g-1)  molmet-1)  molmet-1) min-1) min-1) 
CopCat-Ni2Co2-Mg/Al-
0.33 
1.2 0.7 267 267 10301 10301 
CopCat-Ni2Co2-Mg/Al-
1.00 
2.9 2.0 414 414 11222 11222 
CopCat-Ni3Co3-Mg/Al-
1.75 
3.2 3.2 1139 851 17845 13333 
CopCat-Ni4Co5-Mg/Al-
2.00 
4.3 4.3 1930 865 9288 4164 
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Low TOF at higher reduction could be related to redundancy of some sites during CO uptake, as 
well as during DRM reaction. Since adsorption of CO does not always happen on all site and there 
is also the tendency of not having all the metallic sites on the surface of catalysts during the 
reaction, the lower values observed at higher active metal reduction could be related to these 
factors. Another factor could contribute to the observed TOF trend is the size of metallic site. 
Different sizes of sites might generate different TOF, but bigger sites (particle sizes) are 
susceptible to carbon deposition leading to catalyst deactivation (Tang et al., (2000); Kim et al.; 
(2000)), as observed in the lower Mg/Al ratio catalysts. With the assumptions that reduced metals 
were on the surface and took part in the reaction, and equal metallic sites generated during 
reduction, another factor that could contribute to the TOF trend is the dispersion per reduced metal. 
A summary of the rate of CH4 conversion and dispersion per reduced metal are shown in Tables 
5.3 and 5.4. The results showed that based on the value of dispersion per reduced metal, the lower 
Mg/Al ratio catalysts displayed higher dispersion compared to the higher Mg/Al ratios in both 
group of catalysts. The nature of site generated by the catalysts could also be a factor. Some 
catalysts generated majorly Ni site, or Co site, while some generated both. These sites could 
interact differently with the reactants during DRM, as observed in the difference in TOF of the 
monometallic and bimetallic catalysts. Decrease in TOF of some catalysts over the TOS could be 
attributed to site deactivation, as similar observation was observed in the bulk activity and stability 
of the same catalysts during DRM. Stability of the other catalysts could be related to availability 
of sufficient basicity in the support, which can convert deposited carbon to CO during DRM 
reaction (Xu et al., (2011); Zhu et al., (2011)). 
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Table 5.3. Dispersion per reduced metal results for monometallic catalysts 
Catalysts Average reduced  Dispersion 
Dispersion/Average 
reduced metal  
  metal (%) (%) (10-2) 
CopCat-Ni3-Mg/Al-0.00 33 0.9 2.6 
CopCat-Co4-Mg/Al-0.00 0 0 - 
CopCat-Ni4-Mg/Al-1.60 88 1.5 1.7 
CopCat-Co6-Mg/Al-1.55 54 1.3 2.4 
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Table 5.4. Dispersion per reduced metal results for bimetallic catalysts 
Catalysts Average reduced  Dispersion 
Dispersion/Average. 
reduced metal 
  metal (%) (%) (10-2)  
CopCat-Ni2Co2-Mg/Al-0.30 7 1.6 20.1 
CopCat-Ni2Co2-Mg/Al-1.00 21 2.0 6.3 
CopCat-Ni3Co3-Mg/Al-1.75 57 1.3 3.5 
CopCat-Ni4Co5-Mg/Al-2.00 61 1.4 2.6 
 
 
 
 
 
 
 
 
 
 
 
 
.  
 
 
 
124 
 
5.3     Catalysts Characterization after Reaction  
 The catalysts were subjected to further characterization after reaction to determine the 
major source of deactivation. 
 
5.3.1    XRD of used catalysts 
The XRD results of the used catalysts are presented in Figures 5.7 and 5.8. Compared to the XRD 
of the reduced catalysts, no observable difference was seen in the XRD results of catalysts with 
higher Mg/Al ratio for both monometallic and bimetallic catalysts, which could be an indication 
that no prominent change occurred in the structure of these catalysts over the reaction TOS. A 
broad peak was observed between 20o and 30o 2 angle for catalysts with lower Mg/Al ratio 
(CopCat-Ni3-Mg/Al-0, CopCat-Ni2Co2-Mg/Al-0.3 and CopCat-Ni2Co2-Mg/Al-1.0) over the 
reaction TOS. Also, peak related to the active metal at 2 = 52o became bigger in size for these 
catalysts in the following order; CopCat-Ni2Co2-Mg/Al-0.3 (17 nm) > CopCat-Ni2Co2-Mg/Al-
1.0 (13nm) > CopCat-Ni3-Mg/Al-0 (12.5nm). Such increase in crystallite size suggestively 
indicated sintering of active metal (Shi and Zhang, 2015). The broad peak between 20o and 30o 
was associated with graphitic carbon (JCPDS 89-849). Thus, sintering and carbon deposition were 
identified as the cause of gradual deactivation in both group of catalysts, with non-stable activity 
over the TOS. The stability (resistance to deactivation) of the other catalysts could be attributed to 
synergetic effect of factors such as small particle size, good dispersion, good metal support 
interaction and basicity, all of which resulted from the structural and compositional changes in the 
catalysts support. 
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Figure 5.7. XRD of used monometallic catalysts 
 
 
 
 
 
 
 
 
 
10 30 50 70 90
In
te
n
si
ty
 (
a.
u
)
2 (°)
CopCat-Co6-MgAl-1.55
CopCat-Ni4-Mg/Al-1.6
CopCat-Ni3-Mg/Al-0.00Carbon
126 
 
 
 
Figure 5.8. XRD of used bimetallic catalysts 
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5.3.2    Temperature programmed oxidation (TPO) of used catalyst 
To establish the nature of deposited carbon on the catalysts, TPO was also carried out on 
the used catalysts. The obtained results are shown in Figures 5.9 and 5.10 for the monometallic 
and bimetallic catalysts respectively. No carbon oxidation peak was observed in the Mg rich 
catalysts (CopCat-Ni4-Mg/Al-1.60, CopCat-Co6-Mg/Al-1.55, CopCat-Ni3Co3-Mg/Al-1.75 and 
CopCat-Ni4Co5-Mg/Al-2.00), an indication that there was no significant carbon deposition to be 
detected on these catalysts.  For other catalysts, their TPO profiles showed different oxidation 
peaks, related to different types of carbonaceous species deposited on the catalysts. A minor peak 
at around 390 oC, a broad peak at 500 oC and a major peak at 680 oC were found in the TPO of 
used CopCat-Ni3-Mg/Al-0. CopCat-Ni2Co2-Mg/Al-1.0 showed two peaks; a major peak at 
around 280 oC and a minor peak at 700 oC. CopCat-Ni2Co2-Mg/Al-0.3 showed a broad unresolved 
peak between 200 oC- 380 oC and two distinctive peaks at 500 oC and 700 oC. Low temperature 
peaks between 180 oC and 250 oC could be ascribed to active carbon specie or reaction 
intermediates that could be easily oxidized. Peaks between temperature ranges 350 oC - 400 oC 
could be attributed to amorphous and/or graphitic carbon, while higher temperature peaks could 
be for filamentous carbon deposition (Juan-Juan et al., 2009). The major form of carbon deposition 
on CopCat-Ni2Co2-Mg/Al-1.0 was active carbon species, whereas all types of carbon deposition 
could be seen on CopCat-Ni2Co2-Mg/Al-0.3. Overall, based on the area integration of peaks, the 
amount of carbon deposition on used CopCat-Ni2Co2-Mg/Al-0.3 was greater than CopCat-
Ni2Co2-Mg/Al-1. This result support the good performance and XRD result of the used catalysts. 
Low dispersion could be responsible for sintering, while inadequate basicity could cause carbon 
deposition. 
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Figure 5.9. TPO of used monometallic catalysts 
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Figure 5.10. TPO of used bimetallic catalysts 
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5.4     Conclusions 
From the results discussed in this chapter, the following conclusions were made: 
• Increase in Mg/Al ratio made better and stable catalysts due to easy metal reduction 
and sufficient basicity that can convert deposited C to CO. 
• Ni and Co interacted with Al-ox differently, which resulted in the different catalytic 
performance shown by the two catalysts. 
• While bulk performance improved with Mg/Al ratio in the catalysts, the site activity 
decreased possibly due to low dispersion per reduced metal. 
• Co showed good activity and stability in the presence MgO due to the nature of 
interaction and the presence of sufficient basicity. 
• Structural changes due variation of Mg/Al ratio resulted in different catalytic 
properties and performance. 
• Carbon deposition is the major cause of catalysts deactivation in the lower Mg/Al 
ratio catalysts. 
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CHAPTER SIX 
CO2 REFORMING OF CH4 USING COAL GAS AND IDEAL FEED 
 
 The results of dry reforming reaction using coal and ideal feed gas are discussed in this 
chapter. A brief thermodynamic analysis and calculation of rate parameter using previously 
established model are discussed here in. Effect of the type of reactant feed on carbon deposition 
(on the catalyst) are also analyzed in this chapter.  
This chapter has been published in Catalysis Today as “A Study of CO2 Reforming of CH4 for 
Ideal and Coal Delivered Gases over Ni-Based Catalysts”. Prof. Wang reviewed the paper before 
submission.  
 
6.1     Introduction and Motivation of Study 
 The contribution of China in the international energy market has been a huge success. This 
is even more evident in the last decades because of the set industrial structure and government’s 
new developmental policy in favor of western China that is rich in coal, oil and other natural 
resources (Wei, 2003).  As much as coal is considered as the cheapest and readily available energy 
source, its massive utilization is related to the increasing environmental concern due to air 
pollution and CO2 emission (Minchener, 2005). In response to environmental demands, cleaner 
and more efficient coal conversion technologies are being developed in the province of Shanxi. 
Coal gasification and pyrolysis have emerged as clean and effective ways of producing gaseous 
fuel or as a synthesis liquid fuel precursor. Since coal gasification and pyrolysis process could 
yield up to almost equal amount of CO2 and CH4 in their exit gas, upgrade of these gaseous 
products was proposed. This involves the effective conversion of these products (CH4 and CO2) to 
useful fuel (syngas), and the chemistry is known as DRM.  
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The use of fossil fuels as the major sources of energy to produce syn-gas (H2 and CO) is 
the first step synthesis of many chemicals. Steam reforming of CH4 and coal gasification are the 
two commonly used methods to produce syngas, which form the backbone of the modern chemical 
industries (Wu et al., 2005).  Also, different H2/CO ratios in syngas is required for the downstream 
synthesis of different chemicals. This ratio is usually dictated by the H/C ratio of the primary 
feedstock and the reaction routes of the syngas production.  
In recent years, much attention has been given to CO2 reforming of CH4, because it has the 
potential advantages of lower theoretical H2/CO ratios and reuse of CO2 (Wu et al., 2005). The 
incorporation of dry reforming in to the coal process is a good development, but getting the right 
catalyst has been a major problem in the industrialization of the process. A critical difficulty of 
this process is its greater potential for carbon deposition, which rapidly deactivates the catalyst 
(Armor, (1999); Qin et al, (1994); Xu et al., (1999); Tang, (1995)). 
   Following the successful synthesis and extensive study of Ni based catalyst with good 
activity, product selectivity and resistance to carbon deposition for DRM using pure feed (Zhang 
et al., (2006; 2007; 2008) and Wang et al., (2012)), there is need to extend our study to industrially 
feasible feed and condition, to test the strength and the properties that make the catalyst better. 
Due to the endothermic nature of the reaction, high temperature is believed to facilitate sintering 
and carbon deposition from higher CH4 decomposition (Khoshtinat and Amin, (2011); Tan et al., 
(2014)).  Industrially feasible feed like coal gas consists of more carbon atoms and other gases that 
could facilitate other side reactions which could affect catalyst performance and stability for DRM 
(Khoshtinat and Amin, (2011); Tan et al., (2014)). Thus, the focus of this chapter is as stated above. 
Note: The coal gas feed was a simulated coal gas feed based on the average composition of coal 
gas in Taiyuan 
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 6.2     Experimental 
Experiment was conducted using both mono Ni and bimetallic (Ni and Co) composite 
catalysts with different Mg/Al ratio in the support.  The catalysts used in this study are CopCat-
Ni3-Mg/Al-0.00, CopCat-Ni4-Mg/Al-1.60, CopCat-Ni2Co2-Mg/Al-0.30 and Ni3Co3-Mg/Al-
1.75. The synthesis method and properties of these catalysts are as described in chapter 4. 
Evaluation of catalyst performance was carried out in a fixed–bed quartz reactor (Tianjin Tian Yi 
Technology Co. Ltd) with ID 8 mm, OD 12 mm and length 60 cm. For each experimental run, 150 
mg of catalyst was mixed with 750 mg of sand. Equimolar reactant feed composition of CH4 (99.99 
%), CO2 (99.99 %) and N2 (99.99 %) mixture was introduced into the reactor at a pressure of 89.83 
kPa, 900 oC and a GHSV = 1.2 × 105 mL g-1 h-1. The coal gas feed composed of CH4 (6.6 %), CO2 
(6.7 %), N2 (2.6 %), CO (32.36 %), H2 (51.34 %) and O2 (0.4 %). Catalyst was activated by H2 
and N2 gas mixture with a molar ratio of 1:4 at 900 
oC for 4 h before activity test.  All gases were 
supplied by Jining Xieli Special Gas Co. Ltd. Evaluation was carried out at 900 oC and the mixture 
of catalyst and sand was loaded at the middle of the reactor. The product gas from the CO2 
reforming of CH4 reaction (for both coal and ideal gas) was analyzed using a gas chromatography 
(Haixin GC-950) on packed column (TDX-01) with Ar as carrier gas, equipped with a thermal 
conductivity detector after passing a cold trap. 
 
6.3 Thermodynamics Analysis Base on Feed Effect 
 
Based on previous study by Zhang et al., 2012; (from this group) during CO2 reforming of 
CH4, in addition to the main reaction (Equation 6.1), other possible side reactions are as listed in 
Equations 6.2 to 6.8. 
CH4   +   CO2   ⇌  2H2   +  2 CO                                                           6.1  
CO2   +  H2   ⇌  H2O  +  CO                                                                 6.2  
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CH4   +  H2O  ⇌  3H2   +   CO                                                             6.3  
CH4    ⇌  2H2   +  C                                                                                   6.4  
C  +   CO2   ⇌  2 CO                                                                                 6.5  
C  +   H2O  ⇌  H2   +  CO                                                                     6.6 
CH4   +   2CO2   ⇌  H2   +  3 CO   +     H2O                                       6.7  
CH4   +  3CO2   ⇌  2H2O +  4 CO                                                          6.8  
CH4   +   0.5O2   ⇌  2H2   +   CO                                                             6.9  
          C  +  O2   ⇌  CO2                                                                                       6.10  
C  +   0.5O2   ⇌   CO                                                                                   6.11 
 
With the presence of oxygen in the coal gas feed, other side reactions such as equations 6.9 to 6.11 
are thermodynamically possible. The extent of occurrence of these side reactions depend on the 
experimental condition and nature of catalyst. Also, reactants conversion, products selectivity as 
well as the H2/CO in the product stream depend on these side reactions (to some extent), as well 
as the nature of catalysts (Zhang et al., 2012). 
 
 
6.4 Kinetics Analysis Base on Feed Effect 
 
The performance results of the catalysts for both CO2 and CH4 conversion, as well as the 
H2/CO ratio using ideal and the coal gas feed are presented section 6.5. Even though the 
experimental conditions, catalyst composition and reactor size were different, estimation of kinetic 
parameters and reaction rate of CopCat-Ni3Co3-Mg/Al-1.75 was done using the model developed 
for Ni-Co/Mg-Al-O by Zhang et al., 2009. The two models used in this study are the Power model 
and Langmuir -Hinshelwood model.  For the Power model, the reaction rate was estimated using 
the formula; 
                 −rCH4 = kPCH4
mPCO2
n                                                                              6.12          
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where       k = ko e
−Ea
RT                                                                                                  6.13           
ko =     0.089   mol
mol
s. gcat
kPa(m+n)                                                6.14          
E = 63.3
kJ
mol 
                                                                                       6.15          
                𝑚 = 0.483 𝑎𝑛𝑑 𝑛 = 0.291                                                                       6.16          
                              
               The   Langmuir-Hinshelwood model is given as; 
                        −𝑟𝐶𝐻4 =
𝑎𝑃𝐶𝐻4𝑃𝐶𝑂2
𝑏𝑃𝐶𝐻4+𝑐𝑃𝐶𝑂2
                                                                          6.17           
where                  
                      a = ao e
−Ea
RT                                                                                              6.18           
                      b = bo e
−Ea
RT                                                                                              6.19                 
                      c = co e
−Ea
RT                                                                                               6.20                       
 
a0  =  1.35 x 10
−8 (mol/ (g. s))2. (kPa)−2                                            6.21                
Ea =  25.9
kJ
mol
                                                                                               6.22                  
                    b0  =  9.25 x 10
−8(mol/ (g. s)) . (kPa)−1                                         6.23                               
Eb =  −40.6
kJ
mol
                                                                                            6.24                   
                 C0  =  2.46 x 10
−7(mol/ (g. s)) . (kPa)−1                                            6.25                
    Ec =  −38.3
kJ
mol
                                                                                               6.26                         
All these parameters were obtained from the previous work of Zhang et al., 2009. The ideal feed  
composition was CO2, CH4, and N2 (33.33 % each). For the coal gas feed, the composition was 
given as CH4 (6.6 %), CO2 (6.7 %), N2 (2.6 %), CO (32.36 %), H2 (51.34 %) and O2 (0.4 %).  
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Plugging these parameters into the rate equations 6.12 and 6.17 (under the reaction condition (T = 
1173 K, P = 89.83 kPa) the reaction rate obtained using the two models, as well as the experimental 
values are shown in Table 6.1. Regardless of the differences between predicted and experimental 
values of reaction rate, the ratio of the rate for the coal gas feed to the ideal feed from the 
experiment was almost equal to the predicted value by the L-H model (1/6 vs. 1/5). This is an 
indication that the smaller reaction rate observed using the coal gas feed, was due to the smaller 
partial pressures of CO2 and CH4 in the coal gas feed.
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Table 6.1. Experimental and predicted reaction rates for CopCat-Ni3Co3-Mg/Al-1.75  
 
Feed Experimental reaction Predicted reaction rate, mmol g-1s-1 
 
rate*, mmol g-1s-1 
 
L-H model 
 
Power law model 
 
      (10-1)      (100)            (100) 
Coal gas feed      0.80 0.30     0.54 
Ideal feed      4.80     1.50     1.90 
Coal gas feed/Ideal      1/6.04 1/5.02     1/3.50 
feed      
*The average reaction rate is obtained by the mean of all the data during the 24 h TOS. 
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6.5 Catalyst Performances for Dry Reforming  
 
 The rates of reactants conversion (CO2 and CH4), as well as the H2/CO ratio using ideal 
and the coal gas feed over the selected catalysts are presented in Figures 6.1 - 6.6. The observed 
order of the catalyst activity, selectivity and stability over the TOS is given as: CopCat-Ni3Co3-
Mg/Al-1.75 > CopCat-Ni5-Mg/Al-1.60 > CopCat-Ni3-Mg/Al-0.0 > CopCat-Ni2Co2-Mg/Al-0.33. 
This trend contrasts with the extent of metal reduction as observed in the catalysts, was in line with 
the trend of basicity and metal dispersion, with CopCat-Ni2Co2-Mg/Al-0.3 catalyst being the only 
exception. Even though MgO was present in this catalyst, it was not enough to interact with the 
active metals (no MgO-solid phase) or facilitate Ni-Co interaction in this catalyst. Thus, MgO did 
not have any significant effect on the performance of this catalyst for DRM.  This also support the 
fact that active metal alone is not sufficient for better catalytic performance, the support also 
contributes in terms of basicity for the activation of CO2. These observations agreed with the 
reaction mechanism suggested by the L-H model that stipulated that CH4 dissociates on the 
metallic sites, while the activation of CO2 takes place on the basic sites (Zhang et al., 2009). 
Bimetallic CopCat-Ni3Co3-Mg/Al-1.75 showed better stability than monometallic CopCat-Ni5-
Mg/Al-1.60 due to the possibility of the formation of NiCo alloy, which can enhance the formation 
of smaller metallic site and resist carbon deposition (Wang et al., 2012). At higher reaction 
temperature, the reverse water-gas shift reaction becomes the main side reaction, as some CO2 
reacts with the produced H2 (Zhang et al., 2012). This explains the lower H2/CO from the coal gas 
feed, as well as in the performance of some of the catalysts using ideal feed, as better catalyst 
mitigates the occurrence of some side reactions, making the H2/CO ratio closer to 1. 
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Figure 6.1. Rate of CO2 conversion for the catalysts using pure gas feed 
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Figure 6.2. Rate of CO2 conversion for the catalysts using coal gas feed 
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Figure 6.3. Rate of CH4 conversion for the catalysts using pure gas feed 
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Figure 6.4. Rate of CH4 conversion for the catalysts using coal gas feed 
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Figure 6.5. H2/CO ratio for the ideal gas feed 
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Figure 6.6. H2/CO ratio for the coal gas feed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.5
0.6
0.7
0.8
0.9
1
1.1
0 5 10 15 20 25
H
2
/C
O
Time (h)
CopCat-Ni3Co3-Mg/Al-1.75 CopCat-Ni5-Mg/Al-1.60
CopCat-Ni3-Mg/Al-0.00 CopCat-Ni2Co2-Mg/Al-0.33
145 
 
6.6 Carbon Deposition on Spent Catalysts 
 
 
Figures 6.7 and 6.8 showed the Temperature-Programmed Oxidation (TPO) profiles of the 
spent catalysts for the ideal feed and coal gas feed respectively. The temperature range of the CO2 
oxidation peak can be used to determine the type of carbon species formed on the surface of the 
catalyst after DRM. Zhang and Verykios, 1994; denoted CO2 peaks in the temperature range of 
150 - 220 
o
C, 530 - 600 
o
C and > 650 
o
C in their TPO result from DRM as Cα, Cβ, and Cγ 
respectively. Hao et al., 2009; represented the peaks from their profile over the temperature range 
< 250 
o
C (Cα), 250 – 600 oC (Cβ), and > 600 oC (Cγ) as atomic carbon, amorphous carbon, and 
graphitic carbon respectively. While, atomic and amorphous carbon are easily oxidized to CO at 
lower and higher temperatures respectively, graphitic carbon can lead to catalyst deactivation. Guo 
et al., 2007; attributed Cα, (peak at 360 
o
C) and Cβ (peak at 470 
o
C) detected over Ni/γ-Al2O3 and 
Ni/MgAl2O4 catalysts to polymeric and filamentous carbons. From the TPO profile results 
presented in this study, no carbon oxidation peak was observed in the profile of CopCat-Ni3Co3-
Mg/Al-1.75, which is an indication that no significant carbon was deposited on the surface of this 
catalyst. For CopCat-Ni2Co2-Mg/Al-0.3 using deal feed, various carbon species (atomic, 
polymeric, filamentous and graphitic) were discovered on this catalyst. Mainly graphitic, with 
small filamentous and polymeric carbon were detected on CopCat-Ni3-Mg/Al-0 catalyst from the 
TPO profile result. Only small amount of filamentous carbon was found on the CopCat-Ni5-
Mg/Al-1.60. The presence of the MgO phase in CopCat-Ni5-Mg/Al-1.60 catalyst increased the 
basicity of the catalyst surface, thereby mitigating the formation of graphitic carbon. The 
possibility of growing bigger Ni particles during reduction (at higher temperature) could be the 
major cause of the filamentous carbon, as previously observed by Zhang et al., 2008.  
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Figure 6.7. TPO profiles of catalysts for ideal gas feed. 
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Figure 6.8. TPO profiles of catalysts for coal gas feed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
100 200 300 400 500 600 700 800
T
C
D
 S
ig
n
a
l 
(a
.u
)
Temperature (oC)
CopCat-Ni2Co2-Mg/Al-0.3
CopCat-Ni3-Mg/Al-0
CopCat-Ni5-Mg/Al-1.6
CopCat-Ni3Co3-Mg/Al-1.75
148 
 
For the coal gas feed, the TPO profiles (Figure 6.8) of CopCat-Ni5-Mg/Al-1.6, CopCat-
Ni3-Mg/Al-0, and CopCat-Ni2Co2-Mg/Al-0.3 showed no significant graphitic carbon, possibly 
due to the presence of O2 in the coal gas, which can convert some of the carbon species to CO 
during reaction. Filamentous carbon was seen on these three catalysts, but much smaller in 
CopCat-Ni4-Mg/Al-1.60. The existence of MgO phase is believed to mitigate carbon formation 
on this catalyst. Atomic carbon observed on CopCat-Ni2Co2-Mg/Al-0.3 catalyst was supposed to 
be an active species for the formation of CO with an active O (from the activated CO2). With weak 
basicity, there was no sufficient O species formed around this carbon. Thus, the accumulation of 
these carbon species could possibly have led to gradual deactivation of the catalyst. These results 
confirmed that an active and stable catalyst need not only the active metallic sites in the right size 
(for CH4 activation), but also need the presence of basic sites to activate CO2. The MgO phase in 
the catalyst could help the formation of both sites, while the presence of Co can promote better 
catalytic properties and performance for DRM. 
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6.7 Conclusions 
 
 
From the above results, the following conclusions were drawn; 
• All the chosen catalysts this study showed significant activity for DRM using coal gas feed. 
• The kinetic study results showed that the difference in reaction rates between the ideal feed 
and the coal gas feed was mainly caused by the difference in the partial pressures of CO2 
and CH4 in the feeds.  
• CopCat-Ni3Co3-Mg/Al-1.75 showed the best activity and stability in both feeds due to its 
high ability to activate both CO2 and CH4 molecules, which resulted in no carbon 
deposition.  
• The nature of deposited carbon differed for catalysts and feed type, and less carbon 
deposition was observed on the catalysts with coal gas feed. 
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CHAPTER SEVEN 
CO2 REFORMING of ETHANE  
 
 CO2 reforming of ethane (CRE) was explored and reported in this chapter. Associated side 
reaction such as ethane dissociation was studied over the selected catalysts. Competition between 
side and main reactions are studied, and what made the catalysts selective towards the desired 
reaction are presented in this chapter.  
 
 7.1     Introduction 
This reaction offers another route to limit the emission of CO2 (principal global warming 
gas) to the environment by converting it to useful syn-gas. Additionally, natural gas usually 
contains some appreciable amount of higher hydrocarbon like C2H6, thus this study could help 
explain or provide an insight into the result of CO2 reforming of such gas.  
Based on thermodynamic study and results presented by Laosiripojana et al., 2006, at 
temperature above 700 oC, dissociation of C2H6 (to C2H4, H2 and CH4) can occur, and the 
associated equations as given by Lasoripojana et al., (2006); Twigg, (1989); are shown below: 
C2H6     ⇌  C2H4    +  H2                                                             7.1  
C2H4     ⇌  2C   +  2H2                                                                 7.2  
              C + 2H2     ⇌  2C   +  2H2                                                              7.3        
With reference to these literature, this part of study was designed as follows: 
• Study of C2H6 dissociation with and without catalysts 
• CO2 reforming of C2H6 
• CO2 reforming after C2H6 dissociation 
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• Catalysts characterization for carbon deposition study. 
 
7.2     Experimental 
Evaluation of the catalyst activity and stability for CRE was carried out in a fixed-bed 
quartz reactor (Autoclave Engineers) with ID 3.9 mm, OD 6.35 mm and length 30 cm. For each 
experimental run, 40 mg of catalyst was mixed with approximately 200 mg of silicon carbide and 
reactant feed composition of C2H6 (99.2 %), CO2 (99.9 %) and N2 (99.9 %) in a ratio 1:2:1.5 was 
introduced into the reactor at atmospheric pressure and GHSV = 6 ×105 mL g-1 h-1 (flow rate 400 
ml min-1). Catalyst was activated in H2 (99.9 %) and N2 (99.9 %) mixture with a molar ratio of 1:4 
at 800 oC for 4 h before activity test. All the gases were supplied by Praxair Canada Inc. Evaluation 
test was carried out at 800 oC with the mixture of catalyst and silicon carbide loaded in the middle 
of the reactor during evaluation test. The product gas from the CO2 reforming of C2H6 reaction 
was analyzed by an on-line Agilent 6890N GC equipped with TCD and a GS-GASPRO capillary 
column (J&W Scientific) of 60 m in length and 0.32 mm in inner diameter using GC Chemstation 
software. Helium (Ultra high purity 5.0, PRAXAIR Canada Inc.) was used as the carrier gas. C2H6 
dissociation study, mixture of C2H6 and N2 totalling 225 ml min 
-1 were fed in a ratio of 1: 1.5. 
The selected catalysts are from the earlier synthesized catalysts, with their compositions and 
properties highlighted in chapter 4. 
 
7.3 Data analysis, Reactant Conversion and Product Selectivity 
 The Equations used for reactant conversion (X), products selectivity (S), rate of reaction 
 -r (reactant conversion) and r (production formation) are shown in Equations 7.4 – 7.9. 
Xj  = 
Fj
i−Fj
f
Fj
i  × 100                                                                                                   7.4                                                                     
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SH2= 
FH2
f
3× ( FC2H6
i −FC2H6
f )   
 × 100                                                                            7.5     
  SCO= 
Fco
2×  ( FC2H6
i −FC2H6
f )+ ( FCO2
i −FCO2
f
 
 
)
  
  × 100                                                   7.6 
  SCH4= 
FCH4
f
2×  ( FC2H6
i −FC2H6
f )+ ( FCO2
i −FCO2
f
 
 
)
  
  × 100                                                  7.7 
SC2H4= 
FC2H4
f
 ( FC2H6
i −FC2H6
f )+ 0.5×( FCO2
i −FCO2
f
 
 
)
  
  × 100                                                 7.8 
−ri (mol g
−1 s−1)=  
nj
i−nj
f
60× mcat
                                                                              7.9  
ri (mol g
−1 s−1)=  
nj
f
60× mcat
                                                                                 7.10 
mcat = mass of catalyst in gram, n = molar flow rate (mol min
-1) 
 
7.4 Results and Discussion 
 The results of C2H6 dissociation and CRE on the selected catalysts are presented in sub-
sections 7.4.1 and 7.4.2 respectively. 
 
7.4.1 C2H6 dissociation study 
 The results of C2H6 dissociation study are presented in Figure 7.1, while the average 
products selectivity over the TOS is shown in Table 7.1. Compared to the blank run, the presence 
of catalyst did not seem to have significant effect on the dissociation of C2H6. Even though the 
higher Mg/Al ratio catalysts showed an average increase of around 5% in C2H6 dissociation 
compared to the support and blank, no distinctive trend was observed in the dissociation results of 
C2H6 over the catalysts. This could an indication that C2H6 dissociation is thermally controlled and 
must have started occurring before getting in contact with the catalyst. 
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Figure 7.1. C2H6 conversion over the TOS at 800 °C, 1atm and GHSV = 3.3 × 105 mL g-1 h-1 
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Table 7.1. Average selectivity of products from C2H6 dissociation  
    
Catalyst Average Product selectivity (%)   
  C2H4 H2 CH4 
Blank  81 23 2 
MgAl2O4 78 20 3 
CopCat-Ni2Co2-Mg/Al-0.3 80 22 2 
CopCat-Ni2Co2-Mg/Al-1.0 80 22 3 
CopCat-Ni4Co5-Mg/Al-2.0 82 21 3 
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With respect to product selectivity, from Table 7.1, all the catalysts showed approximately equal 
selectivity towards the products, but a trend could be observed with respect to the selectivity of 
CH4 and H2. A slightly higher selectivity of H2 resulted in a slightly lower CH4 selectivity. 
Additionally, as the Mg/Al increased, CH4 selectivity increased, while H2 selectivity decreased.  
This might be an indication that reaction 7.3 was favored in the presence of catalysts. Similar 
results had been reported for C2H6 dissociation by Kim et al., (2011); Mulla and Choudhary, 
(2003). 
 
7.4.2 CO2 reforming of C2H6 results 
The main Equation for this reaction is given as 
CO2   + C2H6     ⇌  4CO   +  3H2                                                                7.11        
In addition to Equations 7.1-7.3, some other possible side reactions (depending on reaction 
condition and the performance of catalysts) can include;  
CO2   + C    ⇌  2CO                                                                                        7.12        
2CO  + 2H2     ⇌  CH4    +  CO2                                                                  7.13       
  C2H4 +   2CO2   ⇌  4CO   +  2H2                                                              7.14        
The results of the performance tests are shown in Figures 7.2 to 7.4 for the conversions of C2H6, 
CO2 and H2/CO ratio respectively, while the average products selectivity is presented in Table 7.2.  
From Figures 7.2 and 7.3, the order of performance of the catalysts for both C2H6 and CO2 
conversions followed an increasing order of the Mg/Al ratio in the catalyst system.  The lesser 
conversion of CO2 compared to C2H6 might be attributed to equation 7.14.   Additionally, increase 
in C2H6 conversion was recorded with the presence of CO2 (in CRE) when compared to 
dissociation of C2H6.  
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Figure 7.2. C2H6 conversion as a function of TOS at 800 °C, 1atm, GHSV= 6×105 mL g-1 h-1 
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Figure 7.3. CO2 conversion as a function of TOS at 800 °C, 1atm, GHSV = 6×105 mL g-1 h-1 
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Figure 7.4. H2/CO ratio a function of time-on-stream at 800 °C, 1atm, GHSV = 6×105 mL g-1 h-1 
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Table 7.2. Average selectivity of products from CO2 reforming of C2H6 
Catalysts Average product selectivity (%) 
  C2H4 H2 CH4 CO 
MgAl2O4 70 18 3 8 
CopCat-Ni2Co2-Mg/Al-0.3 30 61 1 54 
CopCat-Ni2Co2-Mg/Al-1.0 3 89 1 94 
CopCat-Ni4Co5-Mg/Al-2.0 0 99 2 99 
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This is an indication that CRE was occurring in addition to C2H6 dissociation, which is even 
substantiated by the higher conversion of CO2 recorded as compared to zero conversion shown by 
CO2 dissociation study. Also, appreciable amount of activity was shown by support only 
(MgAl2O4) for this reaction, an indication that nature of support could play an important for this 
reaction. The selectivity of the desired products from main reaction was measured by the H2/CO 
ratio, and based on stoichiometry of reaction, the expected H2/CO ratio is 0.75. Only CopCat-
Ni2Co2-Mg/Al-0.3 showed a value greater than 0.75 from Figure 7.4. Additionally, this catalyst 
showed the highest C2H4 selectivity, an indication that C2H6 dissociation could be competing with 
CO2 reforming. Higher CO and H2 with no C2H4 selectivity was recorded for CopCat-Ni4Co5-
Mg/Al-2.0, and stability of catalysts was also in the same order as the Mg/Al ratio. Notable to say 
is increase in selectivity of catalysts towards CO and H2, and decrease in selectivity towards C2H4 
as Mg/Al ratio in the catalysts increase. This shows the preference of these catalysts for CRE over 
C2H6 dissociation. Thus, the nature and composition of support played an important role in the 
performance of catalysts for CRE. In the presence of adequate basicity, CO2 is easily activated 
leading to CRE and even deposited C2H4 (from thermal dissociation of C2H6) could be converted 
to CO and H2. From, this study, support, metal oxides and metal sites are active for CRE, compared 
to DRM in which only metal can catalyze the reaction.  
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7.5 Conclusions 
 Highlighted below are some of the conclusions from this chapter; 
• Catalysts do not have any significant effect on thermal dissociation of C2H6. 
• Higher Mg/Al ratio catalysts promote CRE and limit the occurrence of side reaction such 
as C2H6 dissociation. 
• Higher Mg/Al ratio catalysts showed no deactivation over the TOS. 
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CHAPTER EIGHT 
CONCLUSIONS AND RECOMMENDATIONS 
 
Conclusions drawn from this work was summarized in this chapter. Recommendations for 
future work were also mentioned in this concluding chapter. 
  
8.1 Conclusions 
Although previous work reported Ni-Co-Mg-Al-Ox to be an active and stable catalyst for 
dry reforming reaction (DRM), yet desire to understand more about the catalyst, and to answer 
some more questions about the properties of the catalyst motivated this research work. What 
controls active metal reduction, role of each component of the catalyst, why Ni reduces more than 
Co in the catalyst system and the effect of support composition on the structure, metal distribution, 
metal reduction and performance of both monometallic and bimetallic catalysts need to be 
understood. 
Variation of Mg/Al ratio in the support led to changes in the bulk structure, active metal 
distribution, reduction and performance of bimetallic Ni-Co-Mg-Al-Ox catalyst for DRM. A 
change from complete spinel through spinel + MgO-solid and finally to NiCoO2 + spinel + MgO-
solid phases was observed as the Mg/Al ratio increased from 0.3 to 2. This consequently affected 
the distribution and reduction of the active metals within the sites of the support. A change from a 
more regular spinel to an inverse spinel was also observed as the ratio increased. The presence of 
MgO-solid phase and spinel inversion offered more octahedral site occupancy for the metal, 
making their reduction easier, with more active sites for CH4 dissociation. Basicity of support also 
improved with the introduction of more MgO. This enhanced more CO2 chemisorption and 
163 
 
facilitated the conversion of deposited C to CO. With these properties, the performance of catalyst 
was enhanced with increase in Mg/Al ratio in the support. 
Similar trend was also observed in the structure of Al-Ox supported monometallic Ni and 
Co catalysts with the introduction of MgO, except that NiCoO2 phase was absent in the Mg-Al-
Ox supported monometallic catalysts. Characterization results showed all the properties of Ni-Al-
Ox and Co-Al-Ox are similar, but they showed different extent of metal reduction and performance 
for DRM. Co showed neither reduction nor activity, while appreciable metal reduction and 
performance were observed with Ni-Al-Ox for DRM. This observed difference was related to the 
interaction of the active metal with Al based on their electronic configuration. The desire of Co 
for tetrahedral site and Ni for octahedral site could be a possible reason for the difference. With 
the presence of MgO, Co reduction increased from 0 to 54%, while Ni reduction attained 88% 
from 33%. The basicity results showed the presence of strong basic site in Co-Mg-Al-Ox compared 
to Ni-Mg-Al-Ox. Such site could result from stronger Co-Mg as compared to Ni-Mg interaction. 
A slightly better performance was observed in Mg-Al-Ox supported Co catalyst compared to Ni, 
even though more active sites were present in Ni-Mg-Al-Ox catalyst. This confirmed that good 
catalytic behaviour not only depended on active metal, but rather on synergetic effect of both active 
site and basicity of support. Thus, nature of support affected the performance of catalysts for this 
reaction. Also, in addition to be a promoter, Co can also be an active metal for this reaction with 
the right support. Easier reduction of Ni (compared to Co) could be attributed to the presence of 
isolated NiO, preference of Ni for octahedral site and less stronger interaction with support as 
compared to Co. 
Site performance was distinguished from the bulk catalytic performance by calculation of 
the TOF. The TOF results showed a contrasting trend to the bulk performance. Increase in Mg/Al 
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ratio (more reduction) led to decrease in the site performance. This was related to decrease in 
dispersion per reduced metal in the catalyst as Mg/Al ratio increased. 
Dry reforming reaction using coal gas simulated feed was compared to the ideal gas feed 
using some selected catalysts with different Mg/Al ratio. Better performance was observed in the 
bimetallic catalyst with higher Mg/Al ratio for both feeds. Additionally, better activity was 
observed using ideal feed compared to the coal gas feed. This difference was related to lower 
composition of CH4 and CO2 in the coal gas feed. Low carbon deposition was observed using coal 
gas feed compared to ideal gas feed for each corresponding catalyst. This was due to the presence 
of O2 in the feed that could convert deposited carbon to CO and the presence of sufficient basicity 
to activate CO2 reaction with C to give CO. 
Examination of CO2 reforming of C2H6 was done in the last part of this work. Dissociation 
of C2H6 was observed with or without catalyst, while CO2 reforming of C2H6 observed on support 
as well. Higher Mg/Al ratio catalysts showed preference for CO2 reforming of C2H6 over 
dissociation. Additionally, CO2 reforming of C2H6 can proceed on catalysts without reduction 
unlike CO2 reforming of CH4. 
 
8.2 Recommendations 
 After presenting the above conclusions from this present work, the following highlighted 
points could be of interest for future work; 
• Detailed mechanism and kinetics of carbon deposition on catalyst for both CO2 reforming 
of C2H6 and CH4 needs to be examined. Also, the nature of carbon deposition leading to 
catalyst deactivation needs to be examined, since not all deposited carbon leads to catalyst 
deactivation. 
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• Mechanism and kinetics of CO2 reforming of C2H6 reaction on catalysts needs to be 
examined and compared to CO2 reforming of CH4, since C2H6 can be activated on support, 
metal and metal oxide, while CH4 can only be activated on active metal alone.  
• During catalyst synthesis, the initial pH of salt solution changed with changes in the ratio 
of the Mg and Al salt in the solution. This could possibly affect the extent of metal 
precipitation. A detailed correlation between initial pH, precipitating pH and extent of 
metal precipitation should be deeply examined. 
• The pH of the precipitation process and precipitation speed can be varied, to know their 
effect on the properties of the catalyst. 
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APPENDICES 
 
APPENDIX A: SCHEMATIC DIAGRAM OF CATALYST PREPARATION   
                           PROCEDURE 
 
 
Figure A.1. Schematic diagram of catalyst preparation procedure 
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APPENDIX B: SCHEMATIC DIAGRAM OF CATALYST EVALUATION PROCEDURE 
 
 
Figure B.1. Schematic diagram of catalyst evaluation procedure 
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APPENDIX C: MFC CALIBRATION 
 
 
Figure C.1. N2 mass flow controller (Set point vs MFC measurement at STP) 
 
Figure C.2. CO2 mass flow controller (Set point vs MFC measurement at STP) 
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Figure C.3. CH4 mass flow controller (Set point vs MFC measurement at STP) 
 
 
Figure C.4. H2 mass flow controller (Set point vs MFC measurement at STP) 
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Figure C.5. CO mass flow controller (Set point vs MFC measurement at STP) 
 
 
Figure C.6. C2H6 mass flow controller (Set point vs MFC measurement at STP) 
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Figure C.7. C2H4 mass flow controller (Set point vs MFC measurement at STP) 
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APPENDIX D: GC CALIBRATION 
 
 
Figure D.1. N2 GC calibration (V/V % vs Peak area) 
 
 
Figure D.2. CO2 GC calibration (V/V % vs Peak area) 
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Figure D.3. CH4 GC calibration (V/V % vs Peak area) 
 
 
 
Figure D.4. CO GC calibration (V/V % vs Peak area) 
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Figure D.5. H2 GC calibration (V/V % vs Peak area) 
 
 
Figure D.6. C2H6 GC calibration (V/V % vs Peak area) 
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Figure D.7. C2H6 GC calibration (V/V % vs Peak area) 
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APPENDIX E: EFFECT OF INITIAL pH OF SALT SOLUTION ON METAL 
                            PRECIPITATION 
 
Table E.1. Effect of initial pH of salt solution on metal precipitation for Mg-Al supported catalysts 
Catalyst  Initial pH of  Target  Actual  % Composition 
  salt solution Mg/Al  Mg/Al Ni Co Mg Al 
CopCat-Ni5-Mg/Al-1.60 2.8 3.6 1.6 4.8 - 59.0 36.2 
CopCat-Co6-Mg/Al-1.55 3.2 3.6 1.5 - 6.1 56.8 37.1 
CopCat-Ni2Co2-Mg/Al-0.30 1.2 0.3 0.3 1.6 1.7 21.5 75.2 
CopCat-Ni2Co2-Mg/Al-1.00 1.7 1.0 0.9 1.7 1.8 45.6 50.9 
CopCat-Ni3Co3-Mg/Al-1.75 2.5 4.0 1.8 2.6 3.1 59.9 34.4 
CopCat-Ni4Co5-Mg/Al-2.00 3.6 8.0 2.0 3.9 4.9 60.8 30.4 
 
 
 
Table E.2. Effect of initial pH of salt solution on metal precipitation for Mg or Al supported 
 catalysts 
Catalyst Initial pH of  Target Composition (%) Actual Composition (%) 
  salt solution Ni Co Mg Al Ni Co Mg Al 
CopCat-Ni3-Mg/Al-0.0 
2.3 3.3 - - 96.7 3.00 - - 97.0 
CopCat-Co4-Mg/Al-0.0 
2.5 - 3.3 - 96.7 - 3.6 - 96.4 
CopCat-Ni84-Mg/Al-# 
6.3 3.3 - 96.7 - 83.9 - 16.1 - 
CopCat-Co87-Mg/Al-# 
6.7 - 3.3 96.7 - - 87.1 12.90 - 
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Table E.3. Effect precipitation pH on metal precipitation for NiCoMgAlOx catalyst  
Catalyst  Precipitation  Target composition (%) Actual Composition (%) Target Actual  
  pH Ni Co Mg Al Ni Co Mg Al Mg/Al Mg/Al 
NiCoMgAlOx 5.5 1.6 1.6 75.9 20.9 4.1 4.3 15.9 75.7 3.6 0.2 
NiCoMgAlOx 8.5 1.6 1.6 75.9 20.9 2.5 2.9 58.9 35.7 3.6 1.7 
NiCoMgAlOx 10.0 1.6 1.6 75.9 20.9 0.8 2.0 71.9 25.3 3.6 2.8 
 
 
 
Table E.4.: Effect on initial concentration of salts on metal precipitation  
Catalyst Conc. Of salt Initial Ph of Actual composition (%) Target Actual 
  solution (g/cm3) salt solution Ni Co Mg Al Mg/Al Mg/Al 
NiCoMgAlOx 0.45 2.0 2.5 3.10 57.9 36.4 3.6 1.6 
NiCoMgAlOx 0.23 3.4 2.5 3.0 58. 35.7 3.6 1.7 
NiCoMgAlOx 0.09 3.0 3.2 3.5 50.90 42.4 3.6 1.2 
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APPENDIX F: REPEATABILITY RESULTS OF SOME EXPERIMENTS 
 
Table F.1. Repeatability results for catalysts composition from ICP results  
Catalyst  Composition from ICP result Mg/Al 
  Ni Co Mg Al ratio 
CopCat-Ni4Co5-Mg/Al-2 3.9 4.9 60.9 30.3 2.0 
CopCat-Ni4Co5-Mg/Al-2 repeat 3.9 4.9 60.8 30.4 2.0 
CopCat-Ni2Co2-Mg/Al-0.3 1.6 1.7 21.5 75.2 0.3 
CopCat-Ni2Co2-Mg/Al-0.3 repeat 1.6 1.7 21.7 75.0 0.3 
CopCat-Ni1Co2-Mg/Al-2.8 0.8 2.0 72.0 25.2 2.9 
CopCat-Ni1Co2-Mg/Al-2.8 repeat 0.8 2.0 72.1 25.1 2.9 
CopCat-Ni3-Mg/Al-0.0 3.0    -     - 97.0    - 
CopCat-Ni3-Mg/Al-0.0 repeat 3.0    -     - 97.0    - 
CopCat-Co4-Mg/A-0.0   - 3.4     - 96.6    - 
CopCat-Co4-Mg/A-0.0 repeat   - 3.4     - 96.6     - 
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Figure F.1. Rate of CO2 conversion for monometallic cobalt catalyst 
 
Figure F.2. Rate of CH4 conversion for monometallic cobalt catalyst 
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Figure F.3. Rate of CH4 conversion for bimetallic Ni-Co catalyst 
 
 
Figure F.4. Rate of CO2 conversion for bimetallic Ni-Co catalyst 
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APPENDIX G: MASS AND KINETIC TRANSFER LIMITATION STUDIES 
 
 
Figure G.1. External Mass Transfer Limitation 
 
 
Figure G.2. Internal Mass Transfer Limitation 
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